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 The different mechanisms of photoluminescence (PL) of silicon nanocrystals 
(Si NCs) due to quantum confinement effect (QCE) and surface states were 
investigated. Si NC films were formed by pulsed-laser deposition (PLD) and plasma-
enhanced chemical vapor deposition (PECVD). The physical and optical properties of 
the Si NC films were studied as a result of high-vacuum thermal annealing, laser 
annealing, plasma annealing, and thermal oxidation.   
 In PLD, the increase in ambient gas pressure has a great influence on the 
morphology of the Si NCs and causes a transition from a film structure to a porous 
cauliflower-like structure, while the surface morphology is insensitive to the variation 
of the substrate temperature. The as-deposited Si NCs show a red-range PL at 1.8– 2.1 
eV and a blue-range PL at 2.55 eV. The peak shifts with different ambient gas 
pressures and blueshifts after post-deposition oxidation and annealing support that the 
red-range PL is due to the QCE in Si NC cores. No peak shift relates the blue-range PL 
to the localized surface states. SiOx films formed by PLD in oxygen (O2) gas show 
increased Si concentration (or increased Si clusters in the films) with increasing 
substrate temperature while the corresponding redshift of the red-range PL from ~1.9 
to 1.6 eV further supports the QCE origin of the red-range PL. After laser annealing, 
better crystallinity is obtained for Si NC films. However, ripple structures can be 
formed due to the surface-scattered waves induced by nonuniformity of the films. The 
pulse number in multiple-pulse annealing should also be optimized before damage or 
laser ablation takes place. 
 
   
 
   vii 
In PECVD, the Si concentration in the as-deposited SiOx films increases with 
decreasing N2O/SiH4 flow ratio. The as-deposited films have random-bonding or 
continuous-random-network structures with large amount of suboxide. After post-
deposition high-temperature (above 1000 °C) thermal annealing in high vacuum, the 
intermediate suboxide shows a transformation to SiO2 and elemental Si. The Si NC size 
is found to increase with increasing Si concentration and thermal annealing 
temperature. Two PL bands are observed in the annealed films. The UV-range PL with 
peak fixed at 370– 380 nm (~3.3 eV) is independent of Si concentration and annealing 
temperature. The strong red-range PL shows a transition from multiple-peak to single 
peak and redshifts from ~2.1 to 1.4 eV with increasing Si concentration and annealing 
temperature, i.e., increasing NC size. After post-annealing oxidation, the UV-range PL 
is almost quenched due to the destruction of surface states while the red-range PL 
shows continuous blueshifts with increasing oxidation time due to the decreasing NC 
size. The distinct annealing and oxidation behaviors relate the UV-range PL to the 
surface-state mechanism and the red-range PL to the recombination of quantum-
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AFM atomic force microscope 
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Chapter 1   Introduction and Literature Survey 
 
1.1 Motivation to study silicon nanocrystals 
Silicon (Si) is the most important semiconductor in the microelectronic 
industry. Ever since visible photoluminescence (PL) was observed in Si nanostructures 
[1-3], Si nanocrystals (NCs) have attracted great interests to the microelectronics, 
optoelectronics, and biomedicine. In the size regime of nanometers, the structure and 
properties of Si NCs differ dramatically from those of the bulk. The area of Si NCs is 
currently one of the most active frontiers in physics and chemistry. Research work has 
been focused on the unique structures, stability, optical and electronic properties, and 
chemical reactivity of Si NCs, both in free space and on surfaces. The study is critical 
to understand Si NCs and would be of significant interest to their promising 
applications: 
A. Optoelectronics. The great success of microelectronic industry is mainly based on 
the god-given material Si and its oxide which have excellent physical and chemical 
properties for devices, and a single dominating technology, complementary metal-
oxide-Si (CMOS) process. On the contrary, in photonic industry, a variety of 
materials are used. No single material or technology is leading the market. The 
desire to adhere to the standard Si technology has motivated extensive researches 
in the development of Si-related materials for optoelectronic applications. 
However, bulk Si has an indirect energy bandgap and is inefficient as a light source. 
The observation of intense light emission at room temperature from Si 
nanostructures has created new opportunities to incorporate optoelectronic 
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functions into Si integrated circuits. Si-based light emitting devices (LEDs) are 
extremely desirable for the realization of integrated optical signal and electronic 
data processing, as their fabrication and integration are compatible with current 
electronic ultralarge-scale-integration (ULSI) technologies. The possible 
integration of LEDs with Si chips would add new functions to the modern ICs, e.g., 
optical interconnects are investigated as an outstanding solution to the interconnect 
bottleneck posed by conventional metal lines. Furthermore, Si NCs can exhibit 
large third-order optical non-linearity due to the quantum confinement effects 
(QCE), which is of potential interest for all-optical switching devices. 
B. Microelectronics. In the MOS structure, the prevailing semiconductor memories 
include dynamic-random-access memory (DRAM) and flash memory. DRAM 
allows fast write and erase. However, its data retention is limited by junction and 
transistor leakages and thus frequent refresh is required. High-density DRAM is 
also impossible due to the large storage capacitor in every memory cell. Flash 
memory is designed to retain data without power over a long period of time. Flash 
memory for ten years of data retention requires relatively thick tunnel oxide that 
greatly compromises both its write/erase speeds and endurance. Thus, new types of 
memories are continually being investigated. Floating gate memories based on Si 
NCs have shown an encouraging prospect for future applications in ultradense and 
ultralow-power memory. Floating gate memories with NCs proximately 2– 3 nm 
close to the transistor channel in the gate oxide as charge storages could 
outperform conventional memory devices with faster write and erase speeds, 
higher reliability, and lower power dissipation [4]. The superior data retention 
property results from the strong confinement of charges stored in the NCs, as the 
lateral draining of the charges to the source and drain regions is restricted.  
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C. Biomedicine. Current medical and biological fluorescent imaging is significantly 
constrained by the sole use of dye marker. Dyes, especially the blue ones, are not 
stable since they will decompose under room light or at high temperatures. Efforts 
are being directed to produce different kind of markers, for example, Si NCs. It is 
realized that Si NCs with distinct ultrabright emission in the red, green, and blue 
ranges are promising candidates as luminescent markers for biomedical 
applications [5]. In biomedical applications, Si NCs encapsulated in Si oxide (SiOx, 
0 ≤ x ≤ 2) are preferred. Since SiOx is biocompatible, biological molecules can be 
readily attached to it. 
  In summary, the major applications utilize two unique properties of Si NCs: 
charge storage and light emission. In this thesis work, we will focus on the light 
emission from Si NCs for the applications in optoelectronics. 
 
1.2 The origin of the light emission  
The PL from Si nanostructures has been found to span the whole light range 
from the near IR (~1.5 µm), through the visible region, and into the near UV. The PL 
over such a broad spectral range arises from a small number of clearly distinct 
luminescence bands with different origins, which are listed in Table 1.1 [6]. 
Although several potential sources of PL have been identified, the physical 
mechanisms for the light emission from Si nanostructures have continually generated 
controversy. Several models have been put forth to elucidate the luminescent 
mechanisms of Si nanostructures.  
 
 
Chapter 1: Introduction and Literature Survey 
 
- 4 -  
Table 1.1 Luminescence bands of Si nanostructures. 
 
 
1.2.1 Surface species and molecules 
The chemical-configuration model proposes that some peculiar PL originates 
from some chemical configurations, such as siloxene [7] and partially oxidized (SiH2)x 
[8].   
Siloxene, a Si/H/O-based polymer, has been proposed as a possible 
luminescent source on the basis that its general optical properties resemble those of 
luminescent porous Si (PS). The PL from siloxene annealed at 400 °C is in the same 
spectral region as that of the PS. Furthermore, IR absorption spectra of the annealed 
siloxene and the aged PS have similar Si– Si, Si– O, and Si– H vibration bands. 
However, Fourier transform infrared (FTIR) measurements of the luminescent PS 
which has not been exposed to atmospheric oxidation showed no detectable oxygen in 
the material [9]. Furthermore, it was found that the oxide-passivated PS remains 
luminescent after thermal treatment at temperatures above 1000 °C. Siloxene and other 









UV ~350 nm Yes Yes No 
blue-green ~470 nm Yes Yes No 
blue-red ~400– 800 nm Yes Yes Yes 
near IR ~1100– 1500 nm Yes No No 
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Partially oxidized (SiH2)x surface species were also proposed as the source of 
the tunable and visible PL in the PS [10]. Further evidence came from the observed 
quenching of the PL when hydrogen was desorbed from the Si surface after thermal 
treatment [11]. However, FTIR studies showed that the PL could be quenched while 
large amount of hydrogen remained in the PS [12]. Therefore, it is more likely that 
nonradiative dangling bonds were formed during the thermal treatment and caused the 
quenching of the PL [6]. Furthermore, the most conclusive evidence that surface 
hydrides are not responsible for the PL is the observation that efficient PL can also be 
obtained from the PS when the hydride passivation was replaced by a high-quality 
oxide. Therefore, it is clear that (SiH2)x surface species is only one of a number of 
possible luminescent mechanisms. 
 
1.2.2 Surface states or defects 
In the surface state models, the observed PL bands have origins related to the 
surface states, as proposed by Koch [13]. The photogeneration of carriers takes place 
in the quantum-confined Si NCs, but the radiative recombination occurs in states 
localized at the surface of Si NCs, or in an interfacial region between the Si NCs and 
SiOx matrix. The recombination centers are formed by Si atoms adjusting their bond 
lengths and angles to accommodate changes in local conditions. The adjustment causes 
localized changes of the wavefunction and provides traps at energies lower than the 
enlarged bandgap, which can explain the large shift between the excitation and light 
emission energies. The model can also explain the correlation between the PL and the 
size of Si NCs observed in some experiments [14]. The smaller the NC size, the higher 
the efficiency of the carrier transfers from the NC core to the surface layer by a 
thermally-activated diffusion process. Thus, the PL intensity is dependent on the NC 
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size. As the PL comes from the surface region, the size of Si NCs does not affect the 
PL-peak energy. 
There is also experimental evidence that the PL from Si nanostructures arises 
from carriers localized at defects or extrinsic centers, either in Si or SiOx that covers 
the surface of Si NCs, such as nonbridging oxygen hole center (NBOHC) [15]. 
 
1.2.3 Quantum confinement effects 
The widely-used QCE theory explains the highly-efficient light emission as a 
result of the band-to-band radiative recombination of electron-hole pairs confined in Si 
NCs whose surfaces are very well passivated by Si– H or Si– O bonds. QCE occurs in a 
semiconductor when the physical dimension of the material approaches the size of its 
Bohr exciton radius. The confinement in real space (1D, 2D, or 3D) would, under 
Heisenberg’s uncertainty principle, cause sufficient spreading of the wavefunction in 
momentum space for direct band-to-band recombination to occur. The opening of the 
bandgap when the NC size shrinks is nowadays unquestionable. The increase in the 
energy gap gED  due to the QCE is, 
                                                      ,                                                                (1.1) 
where crystalR is the NC size, M is the effective exciton mass, and h is a constant. Thus, 
blueshift of the PL with decreasing NC size is a direct evidence of QCE [16].  
Proponents of the surface state model often attack the QCE model using the 
observed PL changes with different surface passivations or oxygen/hydrogen surfaces 
[17]. Furthermore, there is a quantitative discrepancy between the PL energy of Si NCs 
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modification of the “pure”  QCE model is required in order to account for all 
observations. One modification is the “mixed”  model, in which the PL is not due to the 
band-to-band recombination within Si NCs, but the recombination occurs via carriers 
trapped at intermediate or localized states. The localized states appearing in the 
bandgap are stabilized by the bandgap widening induced by quantum confinement [18]. 
The blueshift of the PL is easily explained as the shifts in band-edge states which 
accompany the increase in the bandgap energy with decreasing NC size. The quantum-
confined states can also explain the observed PL changes with different surface 
passivations. 
In summary, all the three models can only explain parts of the experimental 
results. The absence of a generally accepted model to describe the luminescence is 
strictly related to the great variety of experimental results available in the literature. 
For example, some authors [19] reported bright emission from as-deposited films, 
while other groups [20,21] described greatly-enhanced PL after high-temperature 
thermal annealing. Some authors [20,21] reported a dependence of the PL peak 
wavelength on the thermal annealing temperature and/or on the film composition, 
while others did not observe any dependence [22,23]. Some works [24,25] observed a 
blueshift of PL peak position with increasing exciting energy, while other studies 
[26,27] reported that the PL peak position is independent on the exciting energy. The 
diverse or even contradictory experimental results suggest that the light emission from 
Si nanostructures may have multiple mechanisms.  
 
1.3 Fabrication methods for Si nanostructures 
1.3.1 Development of fabrication methods 
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Since the discovery of visible light emission from the PS by Canham [3], a 
great deal of effort has been made to improve the properties of the PS as LEDs. 
However, there are still some difficulties for the applications of the PS. As the PS is 
formed by electrochemical anodization of crystalline (c-) Si in hydrofluoric (HF) acid, 
the fragile mechanical and inhomogeneous structures are big concerns for the practical 
applications. Furthermore, the luminescence from the PS is highly dependent on the 
preparation conditions and degrades significantly in the environment.  
 Recently, much attention has been paid to “dry”  methods, such as chemical 
vapor deposition (CVD) and physical vapor deposition (PVD), to form Si-based light 
emitting materials. Nanosize Si, Si NCs, and Si-rich SiOx films prepared by dry 
methods are considered to be more suitable for LEDs due to their better compatibility 
with Si processing technology. Efforts have then been directed to the materials 
prepared by dry methods to improve both the stability and efficiency of the light 
emission.  
 Si nanostructures have been synthesized by several dry techniques, such as 
microwave-induced or laser-induced decomposition of silane (SiH4) like precursors 
[2,28], low-pressure chemical vapor deposition (LPCVD) [29,30], ion implantation of 
Si+ into Si dioxide (SiO2) films [31,32], co-sputtering of Si and SiO2 [26,33], 
evaporation of Si monoxide (SiO) [34,35], pulsed-laser deposition (PLD) of Si [36,37], 
and plasma-enhanced chemical vapor deposition (PECVD) of SiOx [20,21]. These 
promising materials are mechanically and chemically stable and technically compatible 
with the existing Si processing technology. 
On the other hand, fabricating size- and surface-controlled Si nanostructures 
with reproducibility could be critical due to the sensitive light-emitting properties of Si 
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nanostructures. Si nanostructures with discrete sizes can show distinct emission in the 
red, green, and blue range. Surface conditions of Si nanostructures are critical for the 
PL properties. It is essential that the surface is well passivated to avoid any dangling 
bonds. As the nonradiative decay channels, these dangling bonds will quench the PL. 
In addition, the surface itself may also lead to surface states that can be the origin of 
PL. 
 
1.3.2 Pulsed-laser deposition  
Over the past few years, PLD has been increasingly used to prepare a wide 
variety of materials in thin films and multilayer structures. Its low start-up cost and 
laser-source independence of the deposition system attract more and more attention. 
The stoichiometric removal of constituent species from targets during ablation and the 
relatively small number of control parameters are major advantages of PLD over other 
thin-film deposition techniques. While the limited number of control parameters 
certainly reduces the process complexity, PLD can independently manipulate the 
growth kinetics to tailor the properties of the films [38]. The strong nonequilibrium 
conditions in PLD also allow some unique applications [39]. Compared with other 
fabrication methods for Si NCs, PLD in a background gas is one of the most flexible 
techniques. The introduction of ambient inert or reactive gases is necessary to cool 
down and condense NCs with desired sizes. Werwa et al. [40] reported that the 
minimum size of Si NCs is ~2 nm. Yoshida et al. [41] reported that the size 
distribution of Si NCs can be controlled by varying the background gas pressure. 
Geohegan et al. [42] confirmed that the ejected species condense into NCs in 
background gases. Suzuki et al. [43] recommended that PLD plus a low-pressure 
differential mobility analyzer and a nozzle jet can obtain uniform NCs with little size 
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deviation. Thus, PLD is thought to be a matured method and is extensively used to 
form Si NCs. However, PLD require further investigations of depositing single layer of 
NCs on a substrate without agglomeration. 
 
1.3.3 Plasma-enhanced chemical vapor deposition  
   PECVD uses a RF power to generate glow discharge to transfer the energy 
into the reactant gases and thus deposition can be achieved at a lower temperature 
compared to atmospheric-pressure chemical vapor deposition (APCVD) and LPCVD. 
For deposition of SiOx nanostructured films, PECVD is the most convenient method to 
control the stoichiometry and thus the luminescent properties of the as-deposited films 
by varying Si/O species flow ratios. Wang et al. [44] found that PECVD at low 
temperature results in the formation of nanoscale amorphous (a-) Si NCs. Iacona et al. 
[21] observed strong room-temperature PL in the wavelength range of 650– 950 nm 
after high-temperature thermal annealing of SiOx films at 1000– 1300 °C. A remarkable 
redshift of the PL peak energy was detected by increasing the Si concentration of the 
SiOx films and the annealing temperature. However, PECVD requires the control and 
optimization of RF power, gas composition, flow rate, temperature, and pressure 
during deposition to prevent undesirable gas-phase nucleation which can results in 
particle contamination to the deposited SiOx films. 
 
1.4 Post-deposition processing of Si nanostructures 
Post-deposition processing methods, such as annealing, oxidation, and plasma 
treatment, have been actively investigated and widely employed to remove lattice 
damage and defects in crystals. As the as-deposited Si NCs often show poor 
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crystallinity, subsequent thermal processing is necessary for a more stable structure 
and better crystallinity. Annealing and oxidation can greatly influence the size 
distribution of Si NCs. It is well known that high-temperature processes will induce the 
formation of Si NCs in the as-deposited SiOx [20,21]. SiOx starts to separate into more 
stable SiO2 phase and Si clusters at a temperature range of 400– 700 °C through the 
following equation [34, 45,46]: 
                                  SiOx →
2







1 x Si.                                                       (1.2) 
Oxidation will reduce the NC size by converting the outer layer of Si NCs into oxide. 
Furthermore, annealing and oxidation can greatly influence the surface condition of Si 
NCs. The high-density defects in the nonstoichiometric SiOx matrix and interfacial 
layer of Si NCs will be reduced by annealing and oxidation. The correlation between 
the thermal processing and the PL characteristics is also a key to understand the large 
PL quantum efficiency of Si NCs at room temperature. Thus, it is important to 
investigate the influence of post-deposition processing on the properties of Si NCs. 
 
1.5 Objectives and motivations 
In this study, Si NCs were fabricated by several methods. The main objective 
is to investigate the correlation between the structures and optical properties of Si 
NCs: 
A. PLD of Si NCs. Si NCs were formed by PLD in inert argon (Ar) gas and reactive 
oxygen (O2) gas at different gas pressures. The effects of deposition and post-
deposition processing conditions on the structures and PL properties of Si NCs 
were studied. Based on the post-deposition processing effects, the origins of the PL 
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bands were concluded. 
B. PECVD of Si NCs. SiOx nanostructured films were deposited by PECVD at 
different nitrous-oxide/silane (N2O/SiH4) flow ratios. After high-vacuum thermal 
annealing and thermal oxidation at high temperatures, Si NCs were formed in the 
SiOx matrix. The correlation between of the Si NC formation and the PL properties 
were studied. The origins of the PL bands were compared with those from Si NCs 
deposited by PLD. 
The outline of the thesis is as following: 
Chapter 1: Introduction and Literature Survey 
The applications of Si NCs were introduced. The origins of the light emission 
from Si nanostructures were explained. The fabrication methods and major concerns of 
Si NCs were discussed. The structure of the thesis was outlined. 
 
Chapter 2: Structures and Photoluminescence Properties of Si Nanocrystal Films 
Formed by Pulsed-Laser Deposition 
Si NC films were formed by PLD in inert Ar and reactive O2 gases. The as-
deposited Si NC films were characterized by several methods. The influence of the 
deposition conditions on the structures and properties of Si NCs were discussed.  
 
Chapter 3: Post-Deposition Processing of Si Nanocrystal Films Formed by 
Pulsed-Laser Deposition 
Different post-deposition processing methods, such as thermal annealing, 
oxidation, plasma treatment, and laser annealing, were applied to the as-deposited Si 
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NC films. The annealing and oxidation effects on the structures and properties of Si 
NCs were studied. 
 
Chapter 4: Thermal Annealing and Oxidation of Si-Rich Oxide Films Prepared 
by Plasma-Enhanced Chemical Vapor Deposition 
SiOx films were deposited by PECVD at different N2O/SiH4 flow ratios. Si NCs 
were formed in the films as a result of post-deposition thermal annealing in high 
vacuum and thermal oxidation. The phase separation and Si NC formation in 
correlation with the optical properties of the SiOx films were examined. 
 
Chapter 5: A Comparison Study of SiOx Nanostructured Films Deposited by 
Pulsed-Laser Deposition and Plasma-Enhanced Chemical Vapor Deposition  
The properties of the SiOx nanostructured films formed by PLD and PECVD 
were compared to investigate the origin of the PL and to reveal the effect of oxygen 
passivation on Si NCs. 
 
Chapter 6: Conclusions and Future Works  
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Chapter 2 Structures and Photoluminescence 
Properties of Si Nanocrystal Films Deposited by 
Pulsed-Laser Deposition  
 
2.1 Introduction 
Pulsed laser deposition (PLD) is a promising method for Si NC formation due 
to its ability to control the size distribution of NCs and maintaining crystal purity in a 
cold-wall processing ambient [1]. The size distribution of Si NCs can be controlled by 
varying background gas species and pressure [2], laser fluence [3], substrate 
temperature, and target-to-substrate distance [4].  
 Although several parameters can be varied in PLD, their effects on the 
deposited Si NCs are interrelated. Furthermore, the ambient gas plays a primary role in 
the formation of Si NCs. In this chapter, Si NCs formed by PLD in inert Ar and 
reactive O2 gases at different gas pressures will be discussed. The purpose is to study 
the effects of deposition conditions on the structures and properties of Si NC films.  
 
2.2 Experimental setup 
The PLD system utilized is schematically shown in Fig. 2.1. The laser beam 
was directed by a mirror and then focused by a quartz lens (focal length: 50 cm) onto 
the target at an incident angle of 45°. After laser ablation of a Si(100) target, 
luminescent Si plasma plume nearly-perpendicular to the target surface was generated 
and expanded towards the substrates which were identical to the target. The hot ejected 
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species (atoms, ions, and cluster with a few atoms) in the plume were cooled down and 
condensed into NCs in ambient gas and deposited on Si(100) or fused quartz (SiO2) 
substrates. A pulsed KrF excimer laser (Lambda Physik LPX 100, l = 248 nm, t = 30 
ns) was used as a light source. The laser fluence and the repetition rate were set at 3.0 
J/cm2 and 10 Hz, respectively. The Si target was rotated constantly by an external 
motor to provide each pulse a fresh surface. The substrates were cleaned with acetone 
and ethanol ultrasonic baths before deposition. The substrates were not heated or 
cooled during deposition. The target-to-substrate distance was ~6 cm. After the base 
vacuum was pumped down to 1.0 ´ 10-5 Torr, Ar (purity 99.999%) or O2 (purity 
99.7%) gas was introduced into the vacuum chamber and maintained at constant 
pressure during deposition. The deposition time was 60 min. 
During a 30 ns laser pulse, a high-pressure (10– 500 atm.) bubble of hot plasma 
is formed at a distance less than 50 μm from the target. The expansion of the bubble 
produces a supersonic beam similar to that from a pulsed nozzle jet, except for the 
plasma effects. The plasma is heated by absorbing the laser light in a free-free 
transition of electron-ion pairs. Typical plasma temperatures measured by optical 
emission spectroscopy during the initial expansion are ~10,000 K, well above the 
boiling points of most materials (< 3000 K). During a nanosecond pulse duration, the 
energy of the ions is in the region of 0– 2000 eV, with a mean energy from 100 to 400 
eV. The ionization degree of the plasma flux is between 10% and 70%.  
The plume orientation for non-normal angle of laser incidence on the target is 
usually skewed (0– 5°) towards the incoming laser beam. The angular distributions of 
the ablated materials are strongly forward peaked, with a flux distribution ( )µpf j  
cosn pj , where pj  is the polar angle measured from the normal to the target surface 
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[5]. n is a coefficient and n ³ 1. This forward peaking phenomenon originates from 
collisions among the plume species. In the deposition of Si clusters, large clusters will 
flight at a smaller angle from target to substrate compared with small clusters, due to 
the scattering by the ambient gas. Roughly speaking, larger NCs are formed in the 
centre of the plume, while smaller ones are formed near the plume edge. Thus, larger 
NCs are deposited on the substrates which are near the plume centre. In this work, all 













Fig. 2.1 Schematic of PLD system. 
 
In PLD, as the ablated species deposited on the substrates need a certain time 
for surface diffusion, the laser-pulse repetition rate must be adapted for surface 
diffusion. Furthermore, the repetition rate will affect the deposition rate of the films. In 
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this experiment, the laser-pulse repetition rate was set at 10 Hz for reasonable 
deposition rate. The laser fluence is a key parameter that affects the cluster size and 
density of the deposited films. PLD is typically carried out at a laser fluence range of 
1– 10 J/cm2. It was found that an excessive laser fluence causes a large amount of big 
droplets. On the other hand, an insufficient fluence will decrease the deposition rate 
sharply. In this experiment, the laser fluence was set at 3.0 J/cm2. 
After many pulses of laser ablation, the surface of Si(100) target is very rough 
with apparent grooves. The rough surface is one source of droplets. Before each 
deposition, the target was polished with SiC metallographic paper to minimize surface 
roughness. During deposition, the rotation of the target also provides a fresh surface 
for laser ablation.  
The deposited Si NC films were characterized by several methods. The surface 
morphology was observed using a Hitachi S-4100 field-emission scanning electron 
microscope (FESEM). The composition was determined by X-ray photoelectron 
spectroscopy (XPS) with a Physical Electronics Quantum 2000 Scanning ESCA 
microprobe using a monochromatic Al Kα (energy 1486.6 eV) radiation. The Raman 
and PL spectra were recorded by a Renishaw micro-Raman and PL 2000 microscope 
(spatial resolution: ~1 µm) with an electrically-cooled charge-coupled device (CCD) 
detector at room temperature, using the 514.5 nm line of an Ar ion laser and the 325 
nm HeCd laser line as excitation sources. The size distribution was investigated by a 
Digital Instruments atomic force microscope (AFM) operated in tapping mode.  
For comparison, we also used electrochemical etching method to disperse the 
PS into NCs. The p-type Si(100) wafer with a resistivity of 5– 10 W• cm was laterally 
anodized in a 1:1:2 mixture of HF:H2O:ethanol. Ethanol served to improve the wetting 
Chapter 2 Structures and Photoluminescence Properties of Si Nanocrystal Films 
Deposited by Pulsed-Laser Deposition 
   
 
- 24 - 
of the Si/PS interface as well as to minimize hydrogen bubble formation. The Si wafer 
anode and platinum cathode were vertically immersed in the solution with an etching 
current density of 40 mA/cm2. After 12 min etching and several cycles of washing in 
diluted HF and deionized (DI) water, the PS layer shows visible yellow/orange light 
under the light of a hand-held UV lamp. Ultrasonic bath in DI water for 10 min was 
applied to crumble the PS layer into NCs. The suspension colloid of NCs was then 
condensed and transferred onto Si(100) substrates, forming a uniform NC layer with 
crystal size less than 10 nm.   
 
2.3 Results and discussion 
2.3.1 Target properties 
The properties of the Si(100) target before and after laser ablation in PLD were 
examined. Figure 2.2 shows the XRD spectra of the target. Before laser ablation, the 
target shows a single crystal structure with (100) orientation. After laser ablation, the 
multiple diffraction peaks indicate that the target surface has been converted to poly-Si 
and the enhanced (400) diffraction peak also confirms the better crystallinity. During 
laser ablation, the high laser fluence causes the inhomogeneous melting and ablation 
on the target surface. Local variations of the melting and crystallization rates result in 
rippling and roughing of the liquid-solid phase, especially at the phase boundary. 
Microstructures were formed, oxidized, and etched on the target surface by continuous 
laser pulses. The better crystalline poly-Si structure is due to the high-temperature 
melting of the target surface during laser ablation.   
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Fig. 2.2 XRD spectra of the Si(100) target before and after laser ablation in PLD. 
 
Figure 2.3 shows the PL spectra of the target. Before laser ablation, there is no 
PL from the target, which is the expected result for the bulk c-Si. After laser ablation, 
the target shows weak PL. However, the PL is not repeatable over the ablated area. 
The PL peak position and intensity vary greatly from region to region. During PLD, 
the collisions between the ejected species and the ambient gas determine the gas 
dynamics of the plume, inducing a backward flux of clusters that also deposits on the 
target surface. The enhanced PL may be from the deposited clusters. In addition, the 
oxidized microstructures formed on the target surface can give rise to PL. The 
microstructures were also ablated by the subsequent laser pulse to form ejected 
species. There is certain correlation between the PL from the target and the deposited 
films.  
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Fig. 2.3 PL spectra of the Si(100) target before and after laser ablation in PLD. 
 
2.3.2 Structure and composition of the deposited Si NC films 
We deposited Si NCs in Ar and O2 gases at different pressures. Figure 2.4 
shows the surface morphology of Si NCs deposited in Ar gas observed by SEM. With 
increasing Ar gas pressure, there is a transition from a film structure to a porous 
cauliflower-like structure. As shown in Fig. 2.4(a), at a gas pressure of 1 mTorr, SEM 
image shows a uniform background film as well as a big particle. The big particle is 
macroscopic droplet of target material that was deposited on substrates along with the 
film, which is a major drawback of PLD. As shown in Fig. 2.4(b), at a gas pressure of 
100 mTorr, a film with undulating periodic crests and troughs is obtained. Figures 
2.4(c) and 2.4(d) show the images of Si NCs deposited in 1 Torr. As shown in Fig. 
2.4(c), separate NCs are deposited on the surface. They seem to agglomerate together, 
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forming porous cauliflower-like structure. From the enlarged image in Fig. 2.4(d), NCs 
with an average size of 10 nm can be observed. However, such NCs may be composed 
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Fig. 2.4 SEM images of Si NCs deposited in Ar gas at pressures of: (a) 1 mTorr, (b) 
100 mTorr, and (c) 1 Torr. (d) The enlarged picture for deposited structures in 1 Torr 
Ar gas. 
 
The size distribution of Si NCs deposited at different gas pressures can be 
explained by collisions between the ejected species. The increase in gas pressure will 
result in increasing collisions between the ejected species and the ambient gas. At a 
pressure of 1 mTorr, the mean free path of the ejected species is ~5 cm [6]. With our 
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between the ejected species before they reach the substrate. As a result, solidified 
liquid droplets expelled from the target are predominant, while the vapor species are 
deposited as a background film. When the gas pressure increases, more collisions 
occur. The mean free path of the ejected species is 0.05 cm at a higher pressure of 100 
mTorr [6]. The vapor species can undergo sufficient collisions to form small NCs and 
thus nucleation and growth take place during the Si plasma plume expands towards the 
substrates. On the other hand, the arrival of the liquid droplets at the substrates is 
hampered by the increased collisions and gas pressure. Using gated intensified CCD-
array imaging, Geohegan et al. [7] confirmed that 1 Torr Ar gas stops and reflects the 
Si plasma plume, resulting in a stationary and uniformly-distributed NC cloud. Si NCs 
are unambiguously formed in the gas phase. Therefore, it can be concluded that the 
size distribution of Si NCs is greatly influenced by the ambient gas pressure and the 
homogeneous nucleation in the gas phase is predominant. 
The surface morphology of Si NCs deposited in O2 gas was also observed by 
SEM. A similar transition of surface morphology from a film structure to a porous 
cauliflower-like structure is found in the O2 gas pressure from 1 mTorr to 1 Torr. The 
transition was also reported for PLD of Si NCs in helium (He) pressure from 2.5 to 5.0 
Torr [8]. We believe that the variation of transition pressure in different gases is 
mainly due to different atomic or molecular mass of ambient gases. The mass ratio 
between Si plasma plume and ambient gas atoms (Ar, He) has a major effect on the 
plume dynamics in the 0– 1 Torr pressure range [9]. The heavier gas has a larger 
scattering energy to stop the ejected species. Ar atoms (m = 40) effectively remove Si 
atoms (m = 28) from the forward-expanding plasma flux and can even scatter them 
backward, while lighter He atoms (m = 4) gradually slow down Si atoms by small-
angle collisions [9]. 
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The surface morphology of Si NCs deposited at different substrate 
temperatures from room temperature to 800 °C was also studied. It is found that 
surface morphology is insensitive to the substrate temperature, or the NC growth is not 
much dependent on the substrate temperature, which further confirms that Si NCs are 
formed in the gas phase and the homogeneous nucleation is predominant. 
The film deposited in 1 mTorr Ar gas was further characterized by micro-
Raman and PL spectroscopy. Figure 2.5(a) shows the Raman spectra of a 5 µm droplet 
and the background film. In this work, the background film refers to the droplet-free 
film region. The Raman spectrum of the virgin Si(100) target is also shown for 
reference. The Raman peak of the target at 520 cm-1 corresponds to the TO phonon 
mode of c-Si. The Raman spectrum of the droplet displays a strong peak at 519 cm-1, 
which indicates that the droplet has the same high crystallinity as the target. It is also 
observed that the Raman peak is redshifted for some droplets but identical with that of 
Si target for other droplets. On the other hand, the Raman spectrum of the background 
film shows a weak crystalline peak at 515 cm-1 and the features of a-Si with a broad 
band at ~480– 500 cm-1.  
The crystalline peak of the background film is redshifted and broadens 
compared to the Raman signature of c-Si. According to the phonon-confinement model 
given by Campbell and Fauchet [10], the phonon-confinement effects cause a redshift 
of Raman spectrum since the NC size decreases, while the width of Raman spectrum is 
correlated with the size distribution of NCs. However, a quantitative analysis is 
difficult since the influence of the amorphous phase and the stresses in the film also 
need to be taken into account. The Raman peak will be redshifted and blueshifted by 
the tensile and compressive stresses, respectively.  
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From the Raman spectra, the background film shows an amorphous-like 
structure. In PLD process, the ejected species in Si plasma plume by laser ablation are 
cooled down and stabilized in the ambient gas, which starts about 50– 100 ns after the 
laser pulse. Vapor condensation during the fast expansion of plasma plume occurs in 
strong nonequilibrium conditions. Typical cooling rate for the plume expanding into 
vacuum reaches 1010– 1011 K/s [11]. Due to the lack of kinetic energy, all the impinged 
species essentially stick to the substrates. Le et al. [12] reported that in 5– 100 µs delay 
after ablation pulse, the SiO temperature decreases from ~2300 to 500 K in 100 mTorr 
Ar gas. From simulation, Ohkubo et al. [13] found that during laser ablation, the 
temperature maintains at ~2500 K at the distance smaller than 2 cm from target and 
drops sharply from ~2500 K to 100 K with increasing distance from 2 cm. As a 
consequence of rapid cooling, metastable structure or amorphous-like structure is 
formed. 
Figure 2.5(b) shows the PL spectra of the droplet and the background film. It is 
found that the droplets as big particles exhibit no or weak PL. The size of the droplets 
is too big to show the QCE, even if some of the droplets were formed by the 
coalescence of small particles. On the contrary, a strong PL at 1.8 eV is observed from 
the background film. Thus, the PL from the Si NC films is from the background film 
rather than from the droplets. 
The ambient gas plays a crucial role in the formation of Si NCs. The inert Ar 
gas only cools down the ejected species. On the other hand, the reactive O2 gas reacts 
with the ejected species, consuming Si and forming an oxide shell around Si NCs (a 
smaller NC size). The NCs are embedded in the SiOx layer. The SiOx films are 
principally composed of Si NCs surrounded by a dense crystalline phase of SiO2, all 
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immersed in the a-SiO2 matrix [14]. The oxygen content increases with increasing O2 
gas pressure until finally nearly stoichiometric SiO2 is obtained.  
The composition of Si NC films was examined by XPS. Figure 2.6 shows the 
Si 2p spectra of Si NC films deposited in 1 and 100 mTorr O2 gases. For the film 
deposited in 1 mTorr O2 gas, a peak of elemental Si (Si0) at a binding energy of 99.8 
eV and a peak of Si bonding to oxygen (Si4+) at 103.5 eV [15] can be observed. When 
the O2 gas pressure increases to 100 mTorr, no more elemental Si peak is found and 
the Si4+ peak becomes stronger and shifts to 104.0 eV, which corresponds to SiO2 
bonding [15]. Figure 2.7 shows the depth profiles of the atomic concentration. The 
points with high Si concentration of ~95 at. % correspond to the Si substrate. Thus, the 
film thickness is determined to be ~120 and 60 nm, respectively. The Si concentration 
is almost constant along the film depth except a contaminated surface layer due to the 
exposure of the films in the air. The atomic concentration also confirms that nearly 












Fig. 2.6 Si 2p peaks in XPS spectra of Si NC films deposited in 1 and 100 mTorr O2 
gases.   
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Fig. 2.7 Depth profiles of the atomic concentration for the films deposited in (a) 1 
mTorr and (b) 100 mTorr O2 gases. 
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2.3.3 Photoluminescence spectra of the deposited Si NC films 
The PL from Si NCs deposited in Ar gas at different pressures was measured 
using the 514.5 nm line of an Ar ion laser and the 325 nm HeCd laser line as excitation 
sources. During the measurements, particular attention was paid to keep the excitation 
power at a constant level. The PL spectra in long-wavelength range using the Ar ion 
laser line as the excitation source are presented in Fig. 2.8(a). A broad main peak is 
observed in all samples. There is also a small shoulder for the sample deposited in 1 
mTorr Ar gas, which corresponds to 1.65 eV. The PL spectra are strongly dependent 
on the Ar gas pressure. For a better illustration, the peak position and intensity as 
functions of Ar gas pressure are shown in Fig. 2.8(b). It is found that with the increase 
in gas pressure from 0.1 to 1 mTorr, the peak is redshifted from 2.0 to 1.8 eV while the 
PL intensity increases. Further increase in gas pressure from 1 mTorr to 1 Torr leads to 
a blueshift of the peak position from 1.8 to 2.1 eV and a decrease in the PL intensity. 
At 1 mTorr Ar gas, there is a turnaround of the PL band shift and PL intensity. Figure 
2.8(c) shows the PL spectra in short-wavelength range using the HeCd laser line as the 
excitation source. One single peak at 490 nm is observed in this range, which 
corresponds to 2.55 eV. The intensity increases with increasing Ar gas pressure while 
there is no shift in peak position. It is also found that the samples deposited below 20 
mTorr Ar gas show similar spectra as that deposited in 20 mTorr Ar gas, with a weak 
intensity PL peaked at 2.55 eV. (They are not shown in the figure). 
From Figs. 2.8(a) and 2.8(b), it is clear that the PL band at 1.8– 2.1 eV is highly 
dependent on the ambient gas pressure. Different gas pressures result in size variation 
of Si NCs in the films as well as different surface morphology (different 
microstructure), which can be responsible for the PL band shift at 1.8– 2.1 eV. Thus, 
we assume that the PL band at 1.8– 2.1 eV is attributed to the QCE in Si NC cores.  
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We also studied the dependence of the PL band at 1.8– 2.1 eV on the distance 
between the measuring point and the centre-axis of Si plasma plume. It is found that 
the PL band is blueshifted when the distance is changed from 0 to 15 mm. The 
blueshift is ~0.05 eV at 1 mTorr Ar gas and increases to 0.15 eV at 1 Torr, since the 
scattering effect by the ambient gas is more pronounced at higher gas pressure. Patrone 
et al. [2] reported that with increasing distance from the ablation spot from 2 to 10 mm, 
the PL band shifts significantly to the blue from 2.0 to 2.4 eV due to the size decrease 
of Si NCs. Thus, such a distance-dependent or size-dependent PL clearly demonstrates 
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Fig. 2.8 PL spectra of Si NCs deposited in Ar gas at different pressures. (a) PL in long-
wavelength range. (b) The peak position and intensity as functions of Ar gas pressure 
in (a). (c) PL in short-wavelength range. 
 
 
In Fig. 2.8(c), the PL band at 2.55 eV is only apparent at high Ar gas pressure 
and the peak positions are fixed. The origin of this band can be explained by the light- 
emission mechanism from the localized surface states at SiOx/Si interface. As Si 
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surface has a high affinity for oxygen, an oxide layer rapidly forms when Si is exposed 
to an oxidizing ambient. Although small Si clusters have been measured to be about 
two orders of magnitude less reactive than a bare Si surface [16], the environment in 
the ablated Si plasma plume appears to be more reactive [7]. Si can easily react with 
residual O2 in the chamber and oxygen impurities in the Ar gas. Gas flow is essential to 
bring fresh oxygen-containing molecules into the vicinity of the stationary Si/Ar 
plume, forming Si-rich SiOx (SRSO) NCs [7]. For example, Geohegan et al. [17] found 
that SiO1.4 stoichiometry is formed in 1 Torr Ar (99.9995%) gas flow. At higher gas 
pressure, higher gas flow delivers more oxygen-containing molecules, which causes 
more oxidation. Furthermore, oxidation happened as our samples were exposed to air 
before PL measurements. From the SEM images, the porosity or surface area of the as-
deposited Si NCs increases with increasing Ar gas pressure and higher porosity will 
lead to more oxidation in air. The oxidation introduced localized surface states at 
SiOx/Si interface. As a result, the intensity of the PL band at 2.55 eV increases with 
increasing Ar gas pressure.  
To understand the influence of collisions among the ejected species on the PL 
spectra, we use a smaller target-to-substrate distance of 2 cm in the deposition to 
observe the PL spectra. The results are shown in Fig. 2.9. It is found that the maximum 
PL intensity is obtained at an Ar gas pressure of 10 mTorr. The PL spectrum of the 
sample deposited in 10 mTorr Ar gas is similar to that deposited in 1 mTorr Ar gas in 
Fig. 2.8(a), although the target-to-substrate distance is smaller. The turnaround of the 
PL band shift and PL intensity happens at 10 mTorr Ar pressure. Such a gas pressure is 
higher than the 1 mTorr Ar pressure when the target-to-substrate distance is 6 cm. The 
effects of the target-to-substrate distance and the ambient gas pressure are interrelated. 
As small target-to-substrate distance greatly reduces the cooling time and the total 
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number of the collisions between the ejected species, it has a similar effect as the 
decrease in the gas pressure. Qualitatively, the deposition with a small target-to-
substrate distance and high gas pressure is comparable to that with a large target-to-
substrate distance and low gas pressure. Thus, the turnaround point of the PL band 
shift and PL intensity shifts to higher gas pressure when the target-to-substrate distance 













Fig. 2.9 PL spectra of Si NCs deposited in Ar gas at a target-to-substrate distance of 2 
cm. 
 
Figure 2.10 shows the PL spectra of Si NCs deposited in O2 ambient. For 
comparison, the PL spectrum of the Si NC layer formed by electrochemical HF-
etching method is also presented. As shown in Fig. 2.10(a), with the increase in O2 gas 
pressure from 1 mTorr to 1 Torr, the peak is blueshifted from 1.9 to 2.1 eV with 
decreasing PL intensity. Compared with Fig. 2.8(a), the PL intensity deposited in 1 
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mTorr O2 gas is ~1.3 times of that deposited in 1 mTorr Ar gas. The intensity change 
and peak shift of PL spectra deposited in O2 gas coincide with those deposited in Ar 
gas. Since the Si NCs deposited in Ar and O2 gases also have similar surface 
morphology, we believe that the PL band in Fig. 2.10(a) is still related to the QCE in 
Si NC cores. For the HF-etched NC PL spectrum, a single peak at 2.0 eV is observed 
with an intensity about 5 times of that from Si NCs deposited by PLD. The high PL 
density is due to the high NC density of the Si NC layer. The PL spectrum is similar to 
that from Si NCs formed by PLD in Ar and O2 gases. The light emission also agrees 
with the visible yellow/orange light of the PS layer. All the consistencies support that 
the yellow/orange light emission of the PLD films as well as the PS layer comes from 
Si NC cores.  
As shown in Fig. 2.10(b), there is still the same single peak at 2.55 eV on the 
PL bands as those deposited in Ar gas in Fig. 2.8(c). For the Si NCs deposited in O2 
gas, the intensity decreases with increasing O2 gas pressure while there is no shift in 
peak position. From the XPS analysis, it is known that the oxygen content in the Si NC 
films increases with increasing O2 gas pressure and nearly SiO2 is formed at pressures 
higher than 100 mTorr. The localized surface states at SiOx/Si interface are reduced 
with increasing O2 gas pressure. Therefore, the PL intensity decreases with increasing 
O2 gas pressure. For the PL spectrum of the HF-etched NCs, the intensity of the peak 
at 2.55 eV is ~40 times of that from Si NCs deposited by PLD. The native oxide that 
confines the Si NCs introduces a large amount of interface or defects (surface states), 
which can explain the intensive PL. It is noticed that the single peak at 2.55 eV is 
independent of the process conditions (Ar or O2 gas) and the fabrication methods (PLD 
or electrochemical etching), which strongly supports our conclusion that the PL band 
at 2.55 eV is a surface characteristic of Si NCs.  
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Fig. 2.10 PL spectra of Si NCs deposited in O2 gas at different pressures. (a) PL in 
long-wavelength range. (b) PL in short-wavelength range. 
 
The PL dependence on the excitation laser intensity was studied. Figure 2.11 
shows the influence of excitation laser intensity on the PL from the film deposited in 1 
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mTorr O2 gas. As the excitation intensity increases, the PL band at 1.9 eV shows very 
small blueshift with intensity saturation. On the contrary, it was found the PL band at 
2.55 eV is independent of excitation laser intensity. The blueshift and intensity 
saturation of the PL at 1.9 eV can be explained well using a simple quantum 
confinement model [18]. With decreasing NC size, the bandgap broadens. The excited 
electron-hole pairs are closer to each other and thus the radiative recombination 
process goes faster (stronger) at the higher energy part. With increasing excitation, the 
low-energy part of the PL spectrum reaches its saturation level first since the slower 
radiative recombination is inferior in the competition with the nonradiative 
recombination. When the excitation level increases further, the high-energy part of the 
PL spectrum also reaches its saturation level. Thus, the PL shows blueshift and 















Fig. 2.11 PL dependence on excitation laser intensity for the film deposited in 1 mTorr 
O2 gas. 
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2.3.4 Size distribution of the deposited Si NC films 
AFM was use to characterize the size distribution of Si NCs. As the NC growth 
occurs only during the collisional expansion between the ablated species, Si NCs are 
formed in gas phase in the PLD process [7]. The main process determining the NC 
growth is the plume expansion dynamics. The influence of the substrate difference on 
the properties of Si NCs can be ignored. A fraction of a monolayer of clusters was 
deposited on a highly oriented pyrolitic graphite (HOPG) substrate, using the same 
experimental conditions (Ar gas pressure: 1 mTorr, laser fluence: 3 J/cm2).  
Figure 2.12(a) presents the AFM image of Si NCs deposited in 1 mTorr Ar gas 
with a laser fluence of 3.0 J/cm2. It is known that the real size of nanoclusters is truly 
presented by the height from AFM measurements, while their lateral dimensions are 
usually enlarged due to the tip– object convolution effect. Thus, the height was taken to 
be the crystal size. Figure 2.12(b) shows the section analysis of the AFM image over 
the solid line. The arrows in Fig. 2.12(b) indicate a cluster height of ~12 nm. The size 
distribution histogram from the AFM measurements is presented in Fig. 2.12(c). The 
size distribution histogram was obtained from ~200 Si NCs. It is found that a wide 
distribution of crystal size from 1 to 20 nm is obtained. The size distribution meets a 
Gaussian distribution. The mean crystal size is 3.5 nm, and there are two peaks at ~2.5 
and 10 nm. Both theoretical calculations based on the QCE [19] and the experimental 
data [20] have consistently shown that the PL energy ranges from 1.6 to 2.3 eV for Si 
NCs with an average size between 5.0 and 2.5 nm, which is in agreement with our 
results.  
 
Chapter 2 Structures and Photoluminescence Properties of Si Nanocrystal Films 
Deposited by Pulsed-Laser Deposition 
   
 






























Fig. 2.12 AFM characterization of Si NCs deposited on a graphite (HOPG) substrate in 
1 mTorr Ar gas with a laser fluence of 3.0 J/cm2. (a) AFM image of isolated Si NCs, (b) 
section analysis of the AFM image over the solid line, and (c) size distribution 
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Figure 2.13 shows the time-resolved Si NC growth on the HOPG substrate. As 
shown in Fig. 2.13(a), the HOPG substrate has a featureless background with step 
heights of 0.2– 0.3 nm, which is suitable for reliable AFM measurements of NC size. 
As shown in Fig. 2.13(b), after deposition for 20 s, a fraction of a monolayer of 
clusters is deposited. The Si NCs seem to agglomerate together. As shown in Fig. 





Si NCs have been formed by PLD in Ar and O2 gases. The as-deposited Si NCs 
showed a transition from a film structure to a porous cauliflower-like structure with 
increasing ambient gas pressure, due to the increased collisions between the ejected 
species. The oxygen content of Si NCs increased with increasing ambient O2 gas 
pressure and nearly SiO2 stoichiometry was obtained at high O2 gas pressure. PL 
peaked at 1.8– 2.1 and 2.55 eV was found from the Si NCs. The strong PL was from 
the background film rather than from the crystalline droplets. The peak shifts with 
different ambient gas pressures supported that the PL band at 1.8– 2.1 eV is due to the 
QCE in Si NC cores. There is no peak shift in the PL band at 2.55 eV which is related 
to the localized surface states at SiOx/Si interface. PL spectra of Si NCs obtained by 
crumbling electrochemical-etched PS layer further confirmed our conclusion. Crystal 
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Fig. 2.13 Si NCs deposited in 100 mTorr Ar gas with deposition times of: (a) 0 s, (b) 
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Chapter 3 Post-Deposition Processing of Si 




For the visible luminescence properties and functions of Si NCs, especially the 
luminescence in the blue range, the surface condition of Si NCs plays an important 
role. Not only the size distribution but also the surface condition of Si NCs should be 
controlled. Annealing and oxidation have great influence on the structures and surface 
conditions of Si NCs. In this chapter, PLD was used to fabricate Si NC films in inert 
Ar and reactive O2 gases. Different post-deposition processing methods, such as 
thermal annealing, oxidation, plasma annealing, and laser annealing, were applied to 
the as-deposited Si NC films. The purpose is to study the annealing effects on the 
structures and properties of Si NCs. 
 
3.2 Experimental setup 
Si NC films were deposited by PLD in 1 mTorr Ar or O2 gas. After deposition, 
dry oxidation was carried out to the as-deposited Si NC films in constant O2 gas flow 
for 3 h at a temperature of either 900 or 700 °C. Thermal annealing was also applied to 
the as-deposited Si NC films in constant N2 (purity 99.9995%) gas flow for 1 h at a 
temperature of 1100 °C.  
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For hydrogen (H2) plasma treatments, plasma was generated by a 500 W 
microwave coil with a total pressure of 100 mTorr. The H2 flow rate was 30 sccm. The 
as-deposited Si NC films were heated by the plasma and treated for 20 min.  
For laser annealing, the as-deposited Si NC films were annealed by a KrF 
excimer laser (l = 248 nm, t = 30 ns) at room temperature in air. Laser annealing was 
performed at various laser fluences from 50 to 200 mJ/cm2 with a repetition rate of 1 
Hz.  
The films were characterized by several methods. The Raman and PL spectra 
were recorded by Raman and PL microscopy. The luminescent pictures excited by a 
325 nm HeCd laser line were taken by a Nikon digital camera with a shutter time of 1 s 
at room temperature. The composition was determined by a Physical Electronics 660 
Auger electron spectroscope (AES). The structures were investigated by a Hitachi H-
8000 transmission electron microscope (TEM) and a Cu K a  radiation (l = 0.15418 
nm) x-ray diffraction (XRD) at room temperature. The optical absorption was 
measured by a Shimadzu UV-3101PC spectrophotometer. The bonding information 
was studied by a Bio-Rad micro-FTIR spectrometer in a 90° reflection mode. 
 
3.3 Effects of oxidation, thermal annealing, and plasma treatment 
3.3.1 Photoluminescence spectra 
We applied oxidation and N2 annealing to the as-deposited Si NC films. The 
oxidation rate of Si is mainly dependent on the oxidation temperature and increases 
with increasing temperature. For bulk Si, the oxidation occurs at the Si/SiO2 interface 
which moves into the bulk Si by oxygen diffusion through the oxide [1]. For Si NCs, 
on the other hand, oxidation is a well-known self-limiting process [2]. The stress in the 
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oxide layer that confines Si NCs can suppress the oxidation of the Si NCs, leading to 
decreased oxidation rate with decreasing crystal size. The oxidation rate is reduced to 
1/3 for Si NC with an initial size of 15 nm compared with that of Si(100) substrate for 
15 h oxidation at 750 °C [3]. Complete oxidation of Si NCs is difficult and Si NCs are 
encapsulated in oxide shells after oxidation. Oxidation can reduce the size of Si NCs 
(to enhance the QCE), convert the outer layer material into SiOx (to introduce the 
Si/SiOx interface in the oxide layer), and create c-Si in an oxide shell (to passivate the 
NC surface). Thus, PL spectra will be affected by the three combined effects of 
oxidation. Thermal annealing is another common thermal treatment to recover the 
crystal structure of films. As some oxygen is inside the N2 gas flow, slight oxidation 
occurs during thermal annealing in N2.  
Figure 3.1 shows the PL spectra of Si NC films after post-deposition oxidation 
and thermal annealing. Figure 3.1(a) shows the PL in long-wavelength range using the 
514.5 nm line of an Ar ion laser as the excitation source. The films show enhanced PL 
intensities after oxidation and annealing. The PL intensity increases with increasing 
oxidation temperature. The strongest PL intensity with an increase of ~2.6 times is 
obtained by annealing the as-deposited film at 1100 °C. It can also be found that there 
are blueshifts of the peak position compared with that of the as-deposited film. As Si 
NCs were annealed and passivated in an oxide shell during oxidation, their size is 
reduced. The QCE increases the bandgap of Si NCs. Therefore, the blueshift is a strong 
evidence of the light emission mechanism based on the QCE [4]. The blueshift is 
larger after oxidation at 900 °C than after oxidation at 700 °C, while the smallest shift 
is observed after annealing. Since the oxidation rate of Si at 900 °C is one order higher 
than that at 700 °C, the size reduction of Si NCs in the film is greater at higher 
oxidation temperature, leading to larger blueshift.  The small blueshift for the annealed 
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film is due to slight oxidation. All these give strong evidence that the PL band at 1.8–
2.1 eV is due to the QCE in Si NC cores.  
Figure 3.1(b) shows the PL in short-wavelength range using the 325 nm HeCd 
laser line as the excitation source. Only the Si NC film after oxidation at 700 °C shows 
significantly-enhanced PL intensity. For the film after oxidation at 900 °C, the PL 
intensity is low, which is contrary to the enhanced PL intensity of the same sample 
measured in long-wavelength range in Fig. 3.1(a). In fact, PL from different layers was 
measured when two excitation sources were used. Due to the indirect nature of the Si 
bandgap below 3.4 eV, the penetration depth of Ar ion laser light at 514.5 nm in a-Si 
and poly-Si ranges from 100 to 200 nm, while in c-Si it is ~500 nm. On the other hand, 
excitation energy larger than 3.4 eV is above the direct transition of Si, making the 
optical absorption coefficient much larger. At the HeCd laser line of 325 nm (3.8 eV), 
the penetration depth (1/α) in c-Si is 8 nm, where α is the optical absorption coefficient 
[5]. PL with such high excitation energy will probe a much shallower region of Si. As 
a result, the PL spectra measured in Fig. 3.1(b) are dominated by the surface layer of 
the NC film while the PL spectra in Fig. 3.1(a) may come from the whole film, as the 
film thickness is ~100 nm measured by surface profiling. Due to the deeper oxidation 
of the surface layer, the surface states or Si/SiO2 interfaces of the surface layer are 
largely decreased. There is a depth-dependent PL. As to the annealing, localized 
surface states at SiOx/Si interface are slightly increased due to slight oxidation. Thus, 
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Fig. 3.1 PL spectra of Si NC films deposited in 1 mTorr Ar gas after post-deposition 
oxidation and thermal annealing. (a) PL in long-wavelength range. (b) PL in short-
wavelength range. 
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Figure 3.2 shows the PL spectra of Si NC films deposited in 1 mTorr O2 gas 
after oxidation and thermal annealing. As shown in Fig. 3.2(a), the films show 
decreased PL intensity after oxidation at 900 °C while enhanced PL intensities after 
oxidation at 700 °C and annealing at 1100 °C. There is the same blueshift dependence 
on the thermal treatment as that in 1 mTorr Ar gas. However, the blueshift is much 
smaller. Since the film deposited in O2 gas has smaller crystal size and large amount of 
oxygen, it can be oxidized easier than the Si NC film deposited in Ar gas. High-
temperature oxidation at 900 °C leads to strong oxidation of the film and thus a 
decrease in the PL intensity. On the other hand, the oxidation of Si NCs in the film is 
also more retarded due to the higher compressive stress from outer oxide layer at a 
smaller crystal size, resulting in a smaller blueshift. 
As shown in Fig. 3.2(b), the Si NC film shows decreased PL intensity after 
oxidation at 900 °C, which agrees with Fig. 3.2(a). The film after oxidation at 700 °C 
displays another broad peak at ~3.0 eV, which was also reported by Geohegan et al 
[6]. They suggested that their broad vibronic PL band at 3.2 eV is due to 
photoexcitation of Si– Si vibrations at localized surface states, which is a surface 
characteristic of Si nanostructures. From our PL spectra evolution, it can be seen that 
the PL peak at ~3.0 eV shows good correlation with the PL peak at 2.55 eV. Thus, we 
believe that the PL peak at ~3.0 eV is still related to the localized surface states at 
SiOx/Si interface. 
It should be pointed out that apparent phase separation of SiOx was not 
observed after oxidation and annealing. As the laser-induced plasma plume consists of 
a large amount of clusters and fragments, the Si NC films deposited by PLD have a 
nonuniform nanostructure or nanophase, which means that there is already some extent 
of phase separation in the as-deposited films. 
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Fig. 3.2 PL spectra of Si NC films deposited in 1 mTorr O2 gas after oxidation and 
thermal annealing.  (a) PL in long-wavelength range. (b) PL in short-wavelength range. 
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It is well known that hydrogen passivation efficiently suppresses defect 
luminescence by saturating dangling bonds [7]. If the light emission was from defects 
or surface states, the PL will be quenched after hydrogen passivation. To clearly 
individuate the light emission from defects, we have performed H2 plasma treatment to 
the Si NC film deposited in 1 mTorr O2 gas. The sample was exposed to H2 plasma. As 
shown in Fig. 3.3, the PL is stronger from the H2-treated sample than that from the as-
deposited one, with an increase in the intensity up to a factor of 3. The intensity 
increase is because the hydrogen passivation of dangling bonds at the NC interface 
leads to an enhancement of radiative recombination. Furthermore, the PL shapes 
before and after the hydrogenation process are the same. Thus, the H2 plasma treatment 















Fig. 3.3 PL spectra of Si NC films deposited in 1 mTorr O2 gas: (a) as-deposited and 
(b) after H2 plasma treatment. 
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3.3.2 Luminescent pictures 
The light emission from the Si NC films can be observed by naked eyes at 
room temperature when the samples were irradiated by the 325 nm HeCd laser line. 
The luminescent pictures of Si NC films before and after thermal annealing were taken 










Fig. 3.4 Luminescent pictures of as-deposited Si NC films deposited in: (a) 1mTorr Ar 










Fig. 3.5 Luminescent pictures of Si NC films deposited in: (a) 1mTorr Ar gas and (b) 
1mTorr O2 gas after thermal annealing for 1 h at 1100 °C. 
(a) (b) 
(a) (b) 
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Figure 3.4 shows the luminescent pictures of the Si NC films deposited in 1 
mTorr Ar and O2 gases. The violet background comes from the sample holder while 
the white spot at the left side comes from scattered lights of the laser beam. The laser 
power is ~3 mW while the beam size is ~2×1 mm2, corresponding to an energy density 
of 150 mW/cm2. The Si NC film deposited in Ar gas displays a weak red-color PL 
while the Si NC film deposited in O2 gas displays a weak orange-color PL, which 
agree with the PL spectra shown in Figs. 3.1 and 3.2.   
Figure 3.5 shows the luminescent pictures of the Si NC films deposited in 1 
mTorr Ar and O2 gases after thermal annealing for 1 h at 1100 °C. The PL is greatly 
enhanced, which is also in good agreement with Figs. 3.1 and 3.2. 
 
3.3.3 Crystal structure  
TEM was carried out to characterize the crystal structure of the films. Figure 
3.6(a) shows the plan-view TEM image of the as-deposited Si NC film deposited in 1 
mTorr Ar gas. The as-deposited film shows a structure composed of a large number of 
very fine Si NCs with an average size of ~10 nm. The size of the Si NCs is not 
uniform. As mentioned in Chapter 2, the properties of the deposited clusters are greatly 
determined by the collisions between the ejected species. The nonuniformity is due to 
few collisions in 1 mTorr Ar gas. Figure 3.6(b) shows the plan-view TEM image of the 
Si NC film deposited in 1 mTorr Ar gas after oxidation for 3 h at 900 °C. The oxidized 
film shows a uniform SiOx matrix with few Si NCs, which suggests that most of the Si 
NCs have been oxidized.  
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Fig. 3.6 Plan-view TEM images of Si NC films deposited in 1 mTorr Ar gas: (a) as-
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Fig. 3.7 XRD spectra of Si NC films deposited in: (a) 1 mTorr Ar gas and (b) 1 mTorr 
O2 gas. The spectrum of the Si(100) substrate is shown in (c) for reference. 
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Figure 3.7 shows the XRD spectra of Si NC films deposited in 1 mTorr Ar and 
O2 gases. For reference, the spectrum of the Si(100) substrate is shown in Fig. 3.7(c) at 
the same scale. It is found that XRD spectra of the films exhibit peaks typical for c-Si. 
The peak (200) comes from the c-Si substrate. The multiple-peak of the as-deposited 
films reveals a poly-Si structure. All the films show enhanced diffraction peaks after 
thermal annealing, which indicates a better crystallinity. In PLD process, condensation 
of vapor during the fast expansion of the plume occurs under strongly nonequilibrium 
conditions. All the impinged NCs essentially stick to the substrates. The separated NCs 
may attract to each other, forming agglomeration. As a consequence of rapid cooling, 
Si NCs with amorphous-like structure are formed. Makino et al. [8] found that as-
deposited Si NCs show poor crystallinity. After annealing, many Si nanocrystalline 
cores are observed and the crystallinity of Si NCs is recovered. Therefore, subsequent 
annealing to as-deposited Si NCs is necessary for a more stable structure and better 
crystallinity. 
 
3.4 Laser annealing  
 Compared with the conventional high-temperature thermal annealing which has 
long ramp-time, laser annealing with a pulse duration of nanoseconds has been well 
developed as an alternative method to achieve good crystallization. Laser-induced Si 
melting, crystallization, and amorphization [9] have been widely used to achieve high 
mobility thin-film transistor for liquid crystal displays. Laser annealing can provide 
several advantages such as selected area processing, rapid crystallization without any 
change in the intrinsic structure, and avoidance of surface contamination as the surface 
plays a significant role in the strong visible PL from Si NCs.  
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3.4.1 Surface morphology and composition 
 Si NC films were deposited by PLD in 1 mTorr Ar gas. Laser annealing was 
applied to the Si NC films. From SEM study, physical modification is observed after 
1-pulse laser annealing at a laser fluence of 100 mJ/cm2 and above. After laser 
annealing at a fluence above 200 mJ/cm2, the films become darker and show damages 
on the film surface caused by laser ablation. Initially, the damage is localized in small 
regions due to the nonuniformity of the films and the laser energy distribution. The 
area of the damaged regions increases with increasing laser fluence and finally the 
ablation of the whole films happens. Figure 3.8 shows the surface morphology of Si 
NC films after 5-pulse laser annealing observed by SEM. After laser annealing at a 
laser fluence of 50 mJ/cm2 [Fig. 3.8(a)], nanoparticles (NPs) with sizes of 10– 50 nm 
are formed in the vicinity of the droplets. AFM study confirms that the height of the 
NPs is in the same range as the NP size. The NP size decreases with increasing 
distance from the droplets. No NPs are observed in regions further away from the 
droplets. These NPs are aligned together, forming circular ripple structures with a 
period of ~270 nm, which agrees with a value of λ  / (1±sinφ) predicted by the surface-
scattered-wave theory where φ is the incident angle of the laser light. Further increase 
in laser pulse number has no effect on the ripple structures. After laser annealing at 
100 mJ/cm2 [Figs. 3.8(b) and 3.8(c)], NPs are formed all over the film. In the vicinity 
of the droplets [Fig. 3.8(b)], NPs still form circular ripple structures. In the droplet-free 
region [Fig. 3.8(c)], NPs are uniformly distributed without apparent aligning or droplet 
disturbing. If laser annealing was carried out at an oblique incidence, incident-angle-
dependent elliptical ripple structures consisting of NPs were obtained. Figure 3.8(d) 
shows the surface morphology after 200 mJ/cm2 laser annealing at an incident angle of 
45° from the left side of the droplets. The laser fluence was increased from 100 to 200 
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mJ/cm2 for a better illustration. The picture clearly reveals that the droplets as the 
scattering centers cause the surface-scattered waves. 
 If we consider the real incident angle β  of the laser light by its projection on the 
plane with an angle θ in cylindrical coordinates (r, θ, z), as shown in Fig. 3.9(a),  
                                                                                                   ,                                 (3.1)                                                                                                                              





















=L ,                         (3.2)                                                                                                                
which describes an elliptical ripple structure. Figure 3.9(b) shows the calculated 
elliptical ripple structures at φ = 45°. The patterns of the observed and the calculated 
ripple structures are not identical, since the droplet is not a single point as used in the 
calculation. Fowlkes et al. [10] also reported that Si NPs with sizes of 30– 40 nm were 
aligned into long and straight lines with periodicity close to the laser wavelength near a 
rough region after laser irradiation of Si substrates in inert He gas. They suggested that 
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Fig. 3.8 SEM images of Si NC films after 5-pulse laser annealing with fluences of: (a) 
50 mJ/cm2 and (b),(c) 100 mJ/cm2 at normal incidence; (d) 200 mJ/cm2 at a 45° 
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Fig. 3.9 (a) Illustration of the incident angle of the laser light. (b) The calculated 
elliptical ripple structure at φ = 45°. 
 
In the laser annealing process, it was noticed that the Si NCs films were easily 
crystallized with laser fluence below 200 mJ/cm2. As Si NC films deposited by PLD 
show an amorphous-like structure, the Si NC films should have a melting threshold 
between the thresholds of the a-Si and the c-Si. Simulation was used to study the 
melting threshold of the Si NC films. The thermal conductivity, which is a key 
parameter for surface melting of the a-Si, was chosen to be [11]:  
K(T)=4.828´10-11(T-900)3+4.828´10-9(T-900)2+3.714´10-6(T-900)+3.714´10-2 
W/(cm·K),                                                                                                                  (3.3) 
where T is the temperature. Other parameters used in the simulation are shown in 
Appendix A. Under a KrF excimer laser pulse (l = 249 nm, t = 24 ns), the melting 
threshold is simulated to be 530 mJ/cm2 for the bulk c-Si. With increasing layer 
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mJ/cm2 of the bulk c-Si to a constant value of 150 mJ/cm2 when the a-Si layer is 
thicker than 320 nm, which agrees with the theoretical calculation [11] and 
experimental result [12]. The decrease in the melting threshold with increasing a-Si 
layer thickness is mainly due to the one order lower thermal conductivity and ~263 K 
lower melting point of the a-Si compared with those of the c-Si. Under the 
experimental conditions (l = 248 nm, t = 30 ns), the melting thresholds of 100-nm-
thick a-Si and 100-nm-thick c-Si layers on quartz substrates are found to be 150 and 
240 mJ/cm2, respectively. Thus, the melting threshold of the 100-nm-thick Si NC films 
on quartz substrates should be in a range from 150 to 240 mJ/cm2, which is much 
higher than the laser fluence for the circular ripple formation.  
The NPs formed by laser annealing in Fig. 3.8(a) were further characterized by 
AES. From the simulation, the maximal temperature at the film surface was found to 
be ~860 K and the dwelling time for the surface temperature above 800 K was 14 ns in 
the laser annealing process with a fluence of 50 mJ/cm2, if the light interference was 
not considered. The time for the growth of 10 nm oxide on the bulk Si at 973 K is in 
the order of hours. During the short duration of nanoseconds, the oxidation of the Si 
film can be ignored. The film was sputtered using an Ar ion beam to remove surface 
layer. After sputtering removal of the oxidized surface layer, the oxygen atomic 
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Fig. 3.10 (a) Points selected in AES analysis. (b) AES spectra of the nanoparticles 
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Figure 3.10 shows the AES spectra of the background film and the NPs formed 
by laser annealing. The points selected for analysis are indicated in Fig. 3.10(a). Points 
1 to 3 refer to the NPs while point 4 refers to the background film. Figure 3.10(b) 
shows the corresponded AES spectra. The composition of the background film and the 
NPs are almost the same, which supports that the NPs were recrystallized from the 
background film. The Si peak position indicates that the Si cores of the background 
film as well as the NPs are mainly composed of elemental Si.  
From above discussions, the circular ripple structures induced by the droplets 
support the surface-scattered-wave theory. The droplets as individual inhomogeneities 
cause incident light waves to scatter from the scattering centers (droplets) and 
propagate along the surface. The NPs are recrystallized from the film at the places with 
enhanced light intensity. The circular ripple structures are formed due to the 
interference of the incident light and surface-scattered waves. The threshold fluence of 
surface melting is also reduced due to the existence of the droplets, which is similar to 
the threshold reduction of ripple structures or surface melting induced by patterns (big 
nonuniformity) [13]. Therefore, the surface of the films should be homogeneous to 
prevent light interference and for uniform laser annealing. 
 
3.4.2 Photoluminescence spectra 
Compared with single-pulse laser annealing, multiple-pulse laser annealing 
with fluences below the threshold of laser ablation can provide better crystallization 
and improve the properties of the films. In multiple-pulse laser annealing, the first 
pulse anneals the starting amorphous material and the next pulses anneal a previously-
annealed material, resulting in a better crystallization.  
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Fig. 3.11 PL from the background Si NC films before and after laser annealing at a 
laser fluence of 100 mJ/cm2. (a) PL spectra and (b) PL peak intensity change with 
increasing laser pulse number. 
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Figure 3.11 shows the influence of multiple-pulse laser annealing on the PL 
from the background Si NC films. As shown in Fig. 3.11(a), the laser-annealed films 
exhibit greatly enhanced PL compared with the as-deposited film. The PL 
enhancement could be related to the crystallization of Si NCs in the film. There is also 
a continuous blueshift after laser annealing.   
As shown in Fig. 3.11(b), the PL intensity increases with increasing pulse 
number up to 20 and then decreases at higher pulse numbers. From optical microscope 
observation, obvious laser ablation is observed at higher pulse numbers with the film 
peeling off from the substrate. As successive laser pulses continually increase the 
defects (i.e. the incubation centers) and thereby the absorptivity within the irradiated 
volume, the increase in energy absorption causes a threshold decrease for laser 
ablation. Obvious ablation starts after certain pulses [14]. The blueshift also suggests a 
continuous size reduction due to the oxidation and ablation. Thus, for multiple-pulse 
laser annealing, the best annealing effect can only be achieved at an optimal number of 
pulses before obvious laser ablation starts. 
 
3.4.3 Optical absorption 
 The optical absorption of Si NC films was characterized by UV-Visible 
spectroscopy. Accounting for the internal reflects of the multilayers shown in the inset 
of Fig. 3.12, the absorption coefficient α can be obtained through the following 
equation [15] (Appendix B):  
                                                                                        ,                                     (3.4)         
where Tr is the transmittance measured from UV-Visible and d is the film thickness. Rij 
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refractive index obtained by ellipsometry. The optical bandgap Eopt can be estimated 
from the following relation which is known as Tauc plot [16]: 
                                                                                      ,                          (3.5)                                                                                                                                                                                                           
where hν  is the photon energy and the exponent n has the value of 2 for an indirect 
transition. We modified the expression of the Tauc plot as: 
,                                            (3.6)  
which overcomes the problem of variation of d due to the film nonuniformity.  
Figure 3.12 shows the (αdhν )1/2 values as a function of hν . Approximately-
linear relations are observed. Intersecting points of the horizontal axis correspond to 
the optical bandgap Eopt. The Eopt of the as-deposited Si NCs is blueshifted in 
comparison with that of the bulk c-Si (1.12 eV), which suggests a bandgap widening 
due to the QCE. After 20-pulse laser annealing, the Eopt is further blueshifted. 
However, further increase in the pulse number to 100 causes the Eopt a large redshift 
and the Eopt is approximate to that of the bulk c-Si. From Figs. 3.11 and 3.12, the 
evolution of the Eopt is distinct from that of the PL peak energy. In fact, the optical 
bandgap Eopt or Tauc gap of amorphous semiconductor is determined from an 
extrapolation of the densities of states deeper in the bands [16]. According to 
Brodsky’s quantum well model [17], the Eopt is determined by the electronic transition 
between extended states while the PL is believed to be the result of the recombination 
of electron-hole pairs in the Si well. There is ample evidence that the Eopt of the a-Si is 
sensitive to bonding breaking induced by either hydrogen desorption or thermal 
generation of dangling bonds. A potential blue (red) shift can occur due to an ordering 
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the Eopt is blueshifted due to the ordering and oxidation of the amorphous-like films by 
laser annealing. After 100-pulse laser annealing, obvious ablation and melting of the 
films were observed, which suggests a large microstructure change and film 
recrystallization. Thus, the Eopt shows a large redshift. The evolution of the Eopt is 
similar to that of the a-Ge reported by Thèye [19]. As the absorption of the a-Si and a-
Ge is greatly determined by the preparation and annealing conditions [16], the 
absorption edges of the amorphous-like Si NC films by PLD also depend on the 















Fig. 3.12 Modified Tauc plot, (αdhν )1/2 vs. hν  of Si NC films before and after laser 
annealing at a laser fluence of 100 mJ/cm2. The inset shows the multilayers used in the 
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Fig. 3.13 IR spectra of Si NC films before and after laser annealing at a laser fluence 
of 100 mJ/cm2. 
 
3.4.4 Bonding information 
FTIR was used to study the oxidation and annealing of the Si NC films during 
laser annealing. As shown in Fig. 3.13, IR spectrum of the as-deposited film shows a 
broad absorption peak at ~1120 cm-1 and weak peaks at ~890 and 780 cm-1. The main 
peak at 1120 cm-1 and the weak peak at 780 cm-1 correspond to the stretching and 
bending vibration modes of the Si– O– Si bonds, respectively [20]. Based on the 
experimental result and theoretical calculation, Knolle et al. [21] assigned the peak at 
890 cm-1 to the interaction of the nonbridging oxygen atom with the Si atom. After 
laser annealing, IR spectra show the enhancement of the peak at 780 cm-1 and the 
broadening and enhancement of the broad peak around 1120 cm-1, which supports the 
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oxidation and ablation of the films. On the contrary, the peak at 890 cm-1 is weakened 
and completely disappears after 100-pulse laser annealing, as oxidation or high-
temperature annealing can convert an oxygen atom from nonbonding to bridging state 
and thus causes the disappearance of the peak at 890 cm-1. Therefore, IR spectra 
further confirm the oxidation and ablation during laser annealing. 
 
3.5 Conclusions 
Si NC films have been formed by PLD in Ar and O2 gases. Post-deposition 
processing was applied to the Si NC films. PL peaked at 1.8– 2.1 and 2.55 eV was 
found from the Si NC films. The peak shifts with different ambient gas pressures and 
blueshifts after oxidation and thermal annealing supported that the PL band at 1.8– 2.1 
eV is due to the QCE in Si NC cores. No peak shift related the PL band at 2.55 eV to 
the localized surface states at SiOx/Si interface. H2 plasma treatment further confirmed 
the QCE origin of the PL band at 1.8– 2.1 eV. TEM results provided consistent crystal 
size before and after oxidation. XRD revealed a polycrystal structure of Si NCs and the 
improvement of the crystallinity after thermal annealing.  
Laser annealing was applied to the as-deposited films. After laser annealing, 
NPs with a size range of 10– 50 nm were formed in the films. The NPs were aligned 
together to form circular ripple structures around the droplets. The circular ripple 
structures can be easily formed with laser fluence much lower than the melting 
threshold of the bulk Si and depend on the light incident angle. The ripple structures 
were explained by the surface-scattered-wave theory as a result of the interference 
between the incident light and surface-scattered waves. After laser annealing, the 
enhancement of the PL intensity was obtained due to the better crystallinity of the Si 
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NC films, while blueshifts of the PL were observed due to the oxidation and ablation 
effects. Both optical absorption and IR spectra showed the evolution of the oxidation 
and ablation during laser annealing. The pulse number in multiple-pulse annealing 
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Chapter 4 Thermal Annealing and Oxidation of Si-
Rich Oxide Films Prepared by Plasma-Enhanced 
Chemical Vapor Deposition  
 
4.1 Introduction 
Among the various deposition methods for SiOx, plasma-enhanced chemical 
vapor deposition (PECVD) and its other versions have been extensively utilized in the 
industry. Desired properties, such as good adhesion, low pinhole density, good step 
coverage, and adequate electrical properties, have made PECVD films useful in ULSI 
circuits. The characteristics of the SiOx films deposited by PECVD can be finely tuned 
through film stoichiometry and post-deposition thermal processing. In this chapter, 
SiOx films were deposited by PECVD at different N2O/SiH4 flow ratios. Si NCs were 
formed in the films as a result of post-deposition thermal annealing in high vacuum 
and thermal oxidation. The optical properties of the SiOx films embedded with Si NCs 
are studied and correlated with the physical properties and structures. 
 
4.2 Experimental setup 
SiOx films were deposited on Si(100) or fused quartz substrates in an Oxford 
PECVD system using RF (13.56 MHz) glow-discharge decomposition of very-large 
scale-integration (VLSI) grade 5% SiH4 in N2 carrier gas and VLSI-grade 100% N2O. 
The chamber pressure, RF power, total flow rate, substrate temperature, and deposition 
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time were kept at 1 Torr, 20 W, 880 sccm, 300 °C, and 5 min, respectively. The flow 
ratio R = [N2O]/[SiH4] was varied from 68 to 1.  
After deposition, thermal annealing and oxidation were applied to the as-
deposited films. Thermal annealing was carried out ex-situ in a high vacuum of 10-7 
Torr for 60 min at temperatures ranging from 400 to 1200 °C. Dry oxidation was 
carried out ex-situ in a constant O2 (purity 99.7%) gas flow at a temperature of either 
1000 or 1200 °C. 
The thickness of the films was measured by an Alpha-step®  500 surface 
profiler (Tencor Instruments). The surface roughness was determined by AFM 
operated in tapping mode. The surface composition was determined by XPS. Spectra 
were taken after 2 min ion sputtering to remove surface contamination. The energies of 
XPS spectra were calibrated using the C 1s peak at a binding energy of 284.5 eV. 
Integrated peak area intensities under O 1s, Si 2p, and N 1s peaks were used for 
estimating the relative elemental composition of the films after correction of core level 
atomic sensitivity factors. 
The bonding information was studied by a Nicolet FTIR with a resolution of 4 
cm-1 in a 90° transmission geometry for the films deposited on single-side polished Si 
wafers, using a bare Si wafer as reference. The film spectra were obtained by 
subtracting the substrate signal from the total (film + substrate) signal. The Raman 
spectra were recorded by Raman spectroscopy. The optical absorption was measured 
by the UV-3101PC spectrophotometer. The nanostructural features were observed by 
cross-sectional high-resolution transmission electron microscopy (HRTEM) using a 
Philips CM200 FEG-TEM operated at 200 kV. The PL spectra were recorded by an 
Accent PL rapid mapping system (spectral resolution: ~0.5 nm) using the 325 nm 
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HeCd laser line (3 mW) and the 532 nm line of an Ar ion laser (10 mW) as excitation 
sources. For Raman spectroscopy and optical absorption, samples deposited on quartz 
substrates were used. 
 
4.3 Results and discussion 
4.3.1 Surface composition 
The surface composition of the SiOx films before and after thermal annealing in 
high vacuum was characterized by XPS. It is now widely accepted that the Si 2p 
spectra can be interpreted in terms of five oxidation states Si0, Si1+, Si2+, Si3+, and Si4+. 
The network of SiOx is formed by Si– (Si4-n– On) tetrahedras with n = 0– 4. From pure a-
Si (n = 0) for Si atom bonded to four adjacent Si atoms to a-SiO2 (n = 4) for Si atom 
bonded to four adjacent oxygen atoms, the adjacent Si atoms are stepwise replaced by 
oxygen atoms with increasing oxidation states. The increasing electronegativity of the 
Si– O bond relative to the Si– Si bond results in a shift of the core-level electrons in Si 
atoms to higher binding energy. The binding energies for the progression of Si0 to Si4+ 
range from approximately 99.3 to 103.3 eV with a shift of ~1 eV per Si– O bond [1-3].  
Figure 4.1 shows the Si 2p peaks in XPS spectra of the as-deposited SiOx films. 
At the flow ratio R = [N2O]/[SiH4] ranging from 68 to 16.5, the symmetrical peak at 
103.2 eV corresponding to Si4+ in SiO2 indicates that almost stoichiometric SiO2 films 
are obtained. With the flow ratio R decreasing from 16.5, Si 2p peaks display 
asymmetrical broad peaks which are continually shifted to lower binding energies. The 
Si concentration in the films is found to increase accordingly. At the flow ratio R of 1, 
the broad peak at 99.8 eV reflects the high Si concentration in the film. The 
progressively-shifted broad and smooth Si 2p peaks, composed of a superposition of 
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different oxidation states, demonstrate that the as-deposited films have random-
bonding or continuous-random-network structures. The large compositions of the Si1+, 






























Fig. 4.1 Si 2p peaks in XPS spectra of the SiOx films deposited at different flow ratios 
defined as R = [N2O]/[SiH4]. 
 
Figure 4.2 shows the Si concentration in the films. At the flow ratio R ranging 
from 68 to 16.5, the Si concentration was almost constant. When the flow ratio R 
decreases from 16.5 to 1, the Si concentration in the films is found to increase from 33 
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to 64 at. %. Based on the Si concentration in the films, we may divide the flow ratio R 
into three regimes: the high flow-ratio regime H, with the flow ratio R ranging from 68 
to 16.5, corresponds to the as-deposited films with SiO2-like structures. The middle 
flow-ratio regime M (R from 14 to 6) corresponds to the films with intermediate Si 
concentrations. The low flow-ratio regime L (R from 4.5 to 1) corresponds to the films 















It should be pointed out that the as-deposited films are not pure SiOx but 
contain nitrogen and hydrogen. The nitrogen needs to be taken into account for 
analyzing the film structures as it can replace the oxygen atom in the Si– (Si4-n– On) 
tetrahedra structures. When the flow ratio R is in the high and middle flow-ratio 
regimes H and M, the nitrogen concentration in the films was found to be lower than 3 
at. %. As only the films deposited in the regimes H and M show strong PL after 
annealing, the influence of the low-concentration nitrogen is weaker. 
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Fig. 4.3 Si 2p peaks in XPS spectra of the SiOx films after post-deposition thermal 
annealing in high vacuum for 60 min at 1000 °C. 
 
Although the XPS study from Augustine et al. [3] indicated that the phase 
separation of SiOx does not occur even after annealing at 1050 °C for 30 min, it is 
generally agreed that the phase separation starts at a temperature of 400– 700 °C. 
Furthermore, obvious phase separation and formation of c-Si NCs have been observed 
by FTIR and TEM at a temperature of 900– 1000 °C [4-7]. We studied the phase 
separation of the SiOx films by post-deposition thermal annealing in high vacuum. The 
as-deposited films become darker after annealing with increasing annealing 
temperature. Figure 4.3 shows the Si 2p peaks in XPS spectra of the SiOx films after 
annealing for 60 min at 1000 °C. After annealing, broad and smooth Si peaks for the 
as-deposited SiOx films split to Si peaks of ~103.0 and 99.5 eV with enhanced 





PECVD 5 min, 1 Torr, 300°C 


















Chapter 4 Thermal Annealing and Oxidation of Si-Rich Oxide Films Prepared by 
Plasma-Enhanced Chemical Vapor Deposition 
   
 
- 86 - 
corresponding to the suboxide phases become smaller while Si4+ peak for SiO2 and Si0 
peak for elemental Si are dominant. This observation indicates that the unstable 
suboxides have separated into to more stable Si– Si4 and Si– O4 tetrahedras. Thus, there 
is a clear phase separation of the SiOx films after annealing at 1000 °C.  
 
4.3.2 Film thickness and surface roughness 
SiOx films were deposited on Si(100) substrates with a deposition time of 5 
min at different flow ratios. The thickness and deposition rate of the as-deposited films 
were measured by surface profiling. Figure 4.4 shows the deposition rate as a function 
of the flow ratio R. The deposition rate continually increases with decreasing flow ratio 
R (or increasing Si supply) in the high flow-ratio regime H. Further decrease of the 
flow ratio R from 16.5 to 1 in the middle and low flow-ratio regimes M and L causes a 
sharp drop of the deposition rate. The deposition rate shows a non-monotonous 
dependence on the flow ratio R, which can be explained by the reaction between N2O 
and SiH4. In the regime H (high N2O flow rate), the oxygen supply from N2O is 
superfluous while the Si supply from SiH4 determines the deposition rate. Thus, the 
deposition rate is linear with SiH4 flow rate and the as-deposited films approximate to 
stoichiometric SiO2. In the regimes M and L (low N2O flow rate), the oxygen supply 
from N2O is insufficient. The deposition starts to be rate-limited by the oxygen supply. 
The deposition rate decreases with increasing Si supply and more Si-like films are 
obtained. Furthermore, it was noticed that more film powder was deposited on 
chamber walls during PECVD when the flow ratio R decreases in the low flow-ratio 
regime L. The SiOx film powder loosely adhered to the chamber walls, suggesting a 
homogenous reaction of SiOx formation in the gas phase. Thus, the deposition rate 
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drops sharply. It is important to notice that the variation of the deposition rate shows a 










Fig. 4.4 Deposition rate of the SiOx films as a function of the flow ratio R. 
 
 The surface topography of the as-deposited SiOx films was studied by AFM. 
Figure 4.5 shows the AFM images of the films deposited at the flow ratio R of 16.5 
and 1. The as-deposited films show a uniform surface with small domes. The film 
deposited at the flow ratio R of 16.5 has a much rougher surface than that deposited at 
the flow ratio R of 1. Figure 4.6 shows the root-mean-square (rms) roughness of the as-
deposited SiOx films as a function of the flow ratio R. The general trend is that the 
surface roughness decreases with decreasing flow ratio R. When the flow ratio R 
decreases in the low flow-ratio regime L (low N2O flow rate), the surface roughness 
decreases sharply. The sharp decrease in the surface roughness is related to the 
decrease in the deposition rate, as a homogenous reaction of SiOx formation in the gas 
phase happens.  
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From above discussions, it can be concluded that the film composition, the 
deposition rate, and the surface roughness are closely related to the flow-ratio variation 
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Fig. 4.6 Root-mean-square (rms) roughness of the SiOx films as a function of the flow 
ratio R. 
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4.3.3 IR absorption 
The high-temperature-induced phase separation of SiOx during thermal 
annealing was studied by FTIR. Figure 4.7 shows the FTIR spectra of the as-deposited 
SiOx films. Five peaks are evident in the spectra. The main absorption peak located at 
1050– 1070 cm-1 is due to the Si– O– Si stretching mode, while the weak peaks at ~800, 
870, 2250, and 3400 cm-1 correspond to Si– O– Si bending, H– SiO3 bending, H– SiO3 
stretching, and H– OSi stretching modes, respectively. With decreasing flow ratio R or 
increasing Si concentration in the films, the intensity of the main absorption Si– O peak 
at 1050– 1070 cm-1 decreases as the fraction of Si– O– Si bonds is lower. The frequency 
of the main absorption Si– O peak also shifts from ~1070 to 1050 cm-1 on a continual 
basis, due to the induction effect of the increased Si– Si bonds [8]. More precisely, the 
less electronegative Si nearest neighbor leads to a lower stretching frequency 
compared with oxygen nearest neighbor. The weak Si– O peak at ~800 cm-1 is only 
observed at the flow ratio R higher than 16.5 or in the SiO2-like films. When the flow 
ratio R is lower than 16.5, it is replaced by the hydrogen-related peak at ~870 cm-1. Tsu 
et al. [9] also found the same replacement for the as-deposited SiOx films when x is 
lower than 1.9, as the probability of Si– O bonds decreases. The weak hydrogen-related 
peaks at ~870, 2250 and 3400 cm-1 show similar shifts to lower frequencies as the 
main absorption Si– O peak due to the increased Si– Si bonds.  
Although XPS reveals the nitrogen existence in the films, distinct Si– N 
absorption peak is not found in the IR spectra, as our as-deposited films have a 
continuous-random-network or atomically-mixed structure. It was shown that in the 
atomically-mixed Si– O– N system, nitrogen incorporation only shifts the main 
absorption Si– O peak and will not induce any Si– N absorption peak [10].  
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Fig. 4.7 IR spectra of the as-deposited SiOx films deposited at different flow ratios of 
R. 
 
Figure 4.8 shows the FTIR spectra of the SiOx films after thermal annealing in 
high vacuum for 60 min at 1000 °C. The obvious change is the disappearance of the 
three hydrogen-related peaks, i.e., the H– SiO3 peaks at ~870 and 2250 cm-1 and the H–
OSi peak at ~3400 cm-1. As hydrogen diffuses out at the temperature of 600 °C and 
above [4], high-temperature annealing is effective to remove hydrogen from the films 
and thus hydrogen-related features disappear. On the contrary, the main absorption Si–
O peak at 1050– 1070 cm-1 shifts to a higher frequency of ~1075– 1085 cm-1 and the 
weak Si– O peak at ~800 cm-1 shifts to ~810 cm-1 with enhanced peak densities, as the 
high-temperature process induces a phase separation from the as-deposited SiOx into a 
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Fig. 4.8 IR spectra of the SiOx films after thermal annealing in high vacuum for 60 min 
at 1000 °C. 
 
To clearly observe the phase separation, Fig. 4.9 shows the enlarged FTIR 
spectra of the high Si concentration SiOx film deposited at the flow ratio R of 6 after 
thermal annealing in high vacuum for 60 min at different temperatures. After annealing 
at 900 °C, the main absorption Si– O peak at ~1050 cm-1 shows no apparent shift, 
suggesting a mild phase separation. After annealing at 1000 °C, the Si– O peak has 
already shifted to ~1070 cm-1. With increasing annealing temperature from 1000 °C, 
the main peak shifts to a higher frequency of ~1080 cm-1 on a continual basis. The 
evolution of the IR spectra clearly reveals the progressive phase separation which is 
significant at temperatures above 1000 °C. It should be pointed out that the significant 
phase-separation temperature is also dependent on the film composition, since the 
recrystallization temperature of Si NCs decreases with increasing Si concentration in 
the SiOx films [12].  
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Fig. 4.9 IR spectra of the SiOx film deposited at the flow ratio R of 6 after thermal 
annealing in high vacuum for 60 min at different temperatures. 
 
4.3.4 Raman spectra 
The phase separation of the SiOx films was further studied by Raman 
spectroscopy. Figure 4.10(a) shows the Raman spectra of the as-deposited SiOx films. 
The Raman spectrum of the c-Si(100) substrate is also presented as a reference. As 
shown in Fig. 4.10(a), at a flow ratio R higher than 7.5, the as-deposited films show a 
featureless background without any peaks. With decreasing flow ratio R from 7.5, a 
broad band at ~480 cm-1 appears with increasing intensity. The broad band corresponds 
to a-Si, suggesting the existence of the a-Si phase. It is reasonable that a-Si exists in 
the films due to the introduced Si– Si bond states when the Si concentration is high.  
Figure 4.10(b) shows the Raman spectra of the SiOx films after thermal 
annealing in high vacuum for 60 min at 1000 °C. The a-Si band at ~480 cm-1 is greatly 
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c-Si shows increased intensity with decreasing flow ratio R below 7.5. The existence of 
the broad a-Si band after annealing at 1000 °C suggests that the SiOx films have a 
higher recrystallization temperature than that of a-Si film at ~600 °C. The broad 
crystalline peak proves the presence of c-Si NCs in the films. From the enhancement of 
the a-Si phase and the formation of c-Si NCs, the phase separation of the SiOx films 
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Fig. 4.10 Raman spectra of the SiOx films deposited at different flow ratios of R: (a) 
as-deposited and after thermal annealing in high vacuum for 60 min at (b) 1000 °C and 
(c) 1200 °C. 
 
Figure 4.10(c) shows the Raman spectra of the SiOx films after annealing at 
1200 °C. Compared with that of the SiOx films annealed at 1000 °C, the a-Si band at 
~480 cm-1 from the SiOx films annealed at 1200 °C is greatly reduced. On the contrary, 
the Raman peak of c-Si at 513– 518 cm-1 is greatly enhanced and appears at a higher 
flow ratio R of 16.5. All these suggest that the phase separation, the formation of c-Si 
NCs, and the recrystallization of a-Si in the films become stronger at a higher 
temperature. 
 
4.3.5  Film nanostructures  
The nanostructures of the SiOx films were characterized by HRTEM. Due to 
the low contrast between the SiOx and a-Si, HRTEM can only reveal the presence of Si 
NCs by Si lattice planes. The as-deposited films show a uniform amorphous structure 
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while no c-Si lattice planes can be observed. The amorphous state of the as-deposited 
films agrees with the Raman results. After high-temperature thermal annealing, c-Si 






























Fig. 4.11 TEM results of the SiOx film deposited at the flow ratio R of 6 after thermal 
annealing in high vacuum for 60 min at 1200 °C: (a) cross-sectional TEM image and 
(b) size distribution histogram of ~100 Si NCs. 
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Figure 4.11 shows the cross-sectional TEM results for the film deposited at the 
flow ratio R of 6 after annealing at 1200 °C. As shown in Fig. 4.11(a), the dark dots 
suggest that c-Si NCs with sizes of 3– 12 nm were formed in the film. The Si NCs are 
uniformly distributed along the film depth. Figure 4.11(b) shows the size distribution 
histogram of the Si NCs. The statistical analysis indicates that the NC size distribution 
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Fig. 4.12 Cross-sectional HRTEM images of the SiOx films deposited at the flow ratio 
R of: (a) 16.5, (b) 9.5, and (c) 6 after thermal annealing in high vacuum for 60 min at 
1200 °C. (d) Cross-sectional HRTEM image of the SiOx film deposited at the flow 
ratio R of 6 after thermal annealing in high vacuum for 60 min at 1000 °C. 
 
Figures 4.12(a) to 4.12(c) show the cross-sectional HRTEM images of the SiOx 
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shows the image of the SiOx film deposited at the flow ratio R of 16.5. The lattice 
planes indicate the existence of very small c-Si NCs with sizes of 1– 2 nm. For the 
films deposited with the flow ratio R higher than 16.5, no c-Si NCs can be found. 
Figure 4.12(b) shows the image of the SiOx film deposited at the flow ratio R of 9.5. Si 
NCs with sizes of 2– 6 nm were formed in the film. It is evident that some large NCs 
contain stacking faults (at least one twin). Figure 4.12(c) shows the image of the SiOx 
film deposited at the flow ratio R of 6. Si NCs with sizes of 3– 12 nm were formed in 
the film. The agglomeration of the Si NCs can also be observed. From Figs. 4.12(a) to 
4.12(c), the mean NC size increases from 1.5 to 3.6 and finally 6.3 nm with decreasing 
flow ratio R. The density of the Si NCs and the width of the NC size distribution also 
increase. Thus, at a certain annealing temperature, the NC size and density increase 
with increasing Si concentration in the films, as the available nuclear site and excess Si 
in the films become more. 
 Figure 4.12(d) shows the image of the SiOx film deposited at the flow ratio R 
of 6 after thermal annealing in high vacuum for 60 min at 1000 °C. The (111) lattice 
planes suggest the existence of elliptical-shape c-Si NCs even after annealing at 1000 
°C. On the contrary, no c-NCs can be found from the film annealed at 900 °C. The NC 
size is 2– 5 nm while the mean NC size (long axis of the ellipse) is 4.5 nm after 
annealing at 1000 °C, which are smaller than those after annealing at 1200 °C. The NC 
density is also lower than that after annealing at 1200 °C. After annealing at 1000 °C, 
no c-Si NCs can be observed for the film deposited at the flow ratio R of 16.5, 
suggesting the mild phase separation in the film. Furthermore, Si NCs often have an 
elliptic shape after annealing at 1000 °C while a spherical shape at 1200 °C, suggesting 
the partial crystallization and the presence of amorphous material around Si NCs at 
1000 °C. With increasing temperature, the phase separation becomes stronger and a-Si 
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is also converted to c-Si. Thus, both the size and density of Si NCs increase with 
increasing annealing temperature. Both the progressive phase separation and NC 
formation are in good agreement with the observation from XPS and Raman 
investigations. Other authors [5,11] also observed the increased NC size with 
increasing Si concentration and annealing temperature, which can be explained by a 
diffusion-controlled mechanism [12].  
It should be pointed that due to the low contrast between small Si NCs and the 
a-SiO2 background, the quantitative analysis on the NC size distribution from TEM is 
limited and could lead to an underestimation of the density of small NCs less than ~1.5 
nm. 
 
4.3.6 Optical absorption 
The optical absorption of the SiOx films was characterized by UV-Visible 
spectroscopy. As the optical constants of the SiOx films approximate to those of the 
quartz substrate due to the high oxygen concentration in the films, the effect of 
multiple internal reflects of the air/film/substrate/air multilayers was neglected. The 
absorption coefficient α can be obtained through the following equation [13]:  
                                                                  ,                                                     (4.1)         
where Tr is the transmittance measured from UV-Visible, d is the film thickness, and Rf 
is the reflection coefficient measured in the weak absorption range (l = 1.3 µm). The 
optical bandgap Eopt can be estimated from the Tauc plot, 
                                                                                        ,                                           (4.2)                                                                                                                                                                                    
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where hν  is the photon energy and the exponent n has the value of 2 for an indirect 
transition. In fact, the optical bandgap Eopt or Tauc gap of the amorphous 
semiconductor is determined from the extrapolation of the densities of states deeper in 
the bands [13] or the electronic transition between extended states [14]. Although the 
Eopt is always larger than the real bandgap of the amorphous semiconductor, the 
difference between the Eopt and the bandgap will not obstruct our discussion based on 
the electronic structure of a-SiOx. 
Figure 4.13(a) shows the Tauc plot, (αhν )1/2 as a function of hν  of the as-
deposited SiOx films. Approximately-linear relations can be observed. Intersecting 
points of the horizontal axis correspond to the Eopt. The Eopt of the as-deposited SiOx 
films is blueshifted compared with that of the bulk c-Si (1.12 eV). With decreasing 
flow ratio R or increasing Si concentration in the films, the Eopt is redshifted from 3.7 
to 2.6 eV on a continual basis and the absorption coefficient is enhanced with a steeper 
slope. According to the electronic structure of a-SiOx, the bandgap of a-SiO2 is ~8.5 
eV and that of a-Si is ~1.5 eV. The electronic states of a-SiO2 near the valence band 
edge are derived from oxygen nonbonding states. With x decreases from 2.0 in a-SiOx, 
the valence band edge moves up, as the increased Si– Si bond states are gradually 
overlaid with the oxygen nonbonding states and finally spread out into the Si valence 
band. Simultaneously, the conduction edge also moves down. The net result is that the 
bandgap decreases nonlinearly when Si concentration continually increases [1,15]. The 
increased Si-related clusters as diffuser centers also cause the enhancement of the 
absorption coefficient. 
Figure 4.13(b) shows the Tauc plot of the SiOx films after thermal annealing in 
high vacuum for 60 min at 1000 °C. The Eopt of the 1000 °C annealed films is 
redshifted to 2.2– 3.0 eV compared to that of the as-deposited films. The curve slope 
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also becomes steeper. Indeed, the general trend of the optical absorption of the 
amorphous semiconductor is that a blue (red) shift can occur due to an ordering 
(disordering) reconstruction of the film network [16]. Annealing to the amorphous 
semiconductor will result in both blueshift of the Eopt and steepening of the absorption 
edge at low energies due to the ordering of the films. In our case, however, obvious 
phase separation and Si NC formation occur in the SiOx films after annealing at 1000 
°C. The enhanced clustering of Si atoms increases the interaction between the Si– Si 
bonds. The absorption of the films is dominated by the Si NCs which have a lower Eopt. 
Thus, instead of a blueshift, the Eopt of the films shows a redshift after annealing. 
Figure 4.13(c) shows the Tauc plot of the SiOx films after annealing at 1200 °C. 
The Eopt of the films annealed at 1200 °C is redshifted further and the curve slope 
becomes steeper compared with those annealed at 1000 °C, which suggests a 
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Fig. 4.13 Tauc plot, (αhν )1/2 vs. hν  for the SiOx films deposited at different flow ratios 
of R: (a) as-deposited and after thermal annealing in high vacuum for 60 min at (b) 
1000 °C and (c) 1200 °C. 
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4.3.7 Photoluminescence spectra 
4.3.7.1 UV-range PL 
The UV-range PL from the SiOx films was studied using the 325 nm HeCd 
laser line as an excitation source. There is no UV-range PL from the as-deposited SiOx 
films. After thermal annealing in high vacuum for 60 min, a PL band at ~380 nm (3.3 
eV) can be observed from the films. Figure 4.14 shows the UV-range PL from the SiOx 
films after annealing at 900 °C. A broad PL band at 370– 380 nm with a small shoulder 
at ~490 nm is observed. The PL band is only apparent at the flow ratio R ranging from 
29 to 14. The PL peak is fixed at 370– 380 nm and independent of the flow ratio R or 
the Si concentration in the films, which is a characteristic of surface states. With 
decreasing flow ratio R, the PL intensity increases first and then decreases. From XPS 
analysis, there is little or no elemental Si in the films when the flow ratio R is above 14, 
which suggests that the PL is related to the surface states of the SiO2-like films. The 
PL at 3.3 eV has been found in the SiOx films formed by various methods such as 
PECVD [17], sputtering [18], and PLD [19]. It is generally agreed that the PL at 3.3 eV 
is attributed to the surface states related to Si– O species in the Si suboxide. In the PS 
structure, the UV PL band at ~350 nm (3.5 eV) is also observed from oxidized layers 
and considered to arise from the defective oxide phase [20].  
The annealing temperature dependence of the PL at 3.3 eV was studied. The PL 
shows similar intensity evolution and fixed peak position at 370– 380 nm at different 
annealing temperatures. Figure 4.15 presents the maximum peak intensity of the PL 
and maximum-peak-intensity-corresponded flow ratio R as functions of the annealing 
temperature. It is found that the maximum PL intensity increases with increasing 
annealing temperature at low temperature range and decreases when the annealing 
temperature is higher than 900 °C. When the annealing temperature increases, the 
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maximum-peak-intensity-corresponded flow ratio R also increases. As the phase 
separation of the SiOx films starts at the temperature range of 400– 700 °C, the PL is 
not distinct after annealing at 400 °C. With increasing annealing temperature, the PL 
intensity increases due to the progressive phase separation. After annealing at 
temperatures higher than 900 °C, the Si– O species is not stable and obvious phase 
separation from the stoichiometric SiOx into more stable Si– Si4 and Si– O4 tetrahedras 
takes place, resulting in the decrease in the PL intensity. Thus, the PL intensity 
evolution is closely related to the phase separation in the films. Furthermore, the 
increased annealing temperature will cause more phase separation in the films. As a 
result, the maximum PL intensity is obtained at higher flow ratio R or lower Si 












Fig. 4.14 UV-range PL from the SiOx films after thermal annealing in high vacuum for 
60 min at 900 °C. 
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Fig. 4.15 Maximum peak intensity and maximum-peak-intensity-corresponded flow 
ratio R of the UV-range PL as functions of the annealing temperature. 
 
 
4.3.7.2 Red-range PL 
The red-range PL from the SiOx films was studied using the 532 nm line of an 
Ar ion laser as an excitation source. Figure 4.16 shows the PL from the as-deposited 
films. When the flow ratio R is in the low flow-ratio regime L, a weak PL at 680– 710 
nm (~1.8 eV) is observed from the films. The PL intensity increases and the PL peak 
continuously redshifts with decreasing flow ratio R or increasing Si concentration in 
the films. The broad asymmetrical PL peak can be regarded as a superposition of two 
or three smaller peaks, as multiple-peak PL is often observed from the low-temperature 
deposited SiOx [21,22]. The multiple-peak could be caused by a nonuniform and highly 
asymmetrical size distribution or discrete NC sizes with atomic layer steps [22,23]. 
From XPS and Raman analyses, high Si concentration of 44– 64 at. % is obtained and 
a-Si exists in the films deposited at the flow ratio R lower than 4.5. a-Si nanoclusters 
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may be formed directly during the deposition. As Si concentration increases, the 
nanocluster size may increase. Using Raman spectroscopy and electron microscopy, 
Hayashi and Yamamoto [24] also found that a-Si nanoclusters smaller than 2 nm are 
contained in the as-deposited films and the mean size increases with increasing Si 
concentration. The increased Si concentration and nanocluster size result in the redshift 
of the PL peak energy. Thus, the PL may be due to the QCE of the a-Si nanoclusters. 
The PL at 680– 710 nm is not stable. After thermal annealing in high vacuum, 
the PL is redshifted and PL intensity is reduced with increasing annealing temperature. 
After annealing at temperatures higher than 800 °C, the PL from the films is 
completely quenched. As high-temperature annealing causes the phase separation of 












Fig. 4.16 Red-range PL from the as-deposited SiOx films. 
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After thermal annealing in high vacuum for 60 min, strong visible red PL was 
observed from the annealed films in the middle flow-ratio regime M. Figure 4.17 
shows the PL from the SiOx films after annealing at 1000 °C. A multiple-peak PL at 
650– 900 nm (1.9– 1.4 eV) is observed from the annealed films. However, the films 
deposited at the flow ratio R lower than 7.5 tend to have a single peak PL. In their 
initial states before annealing, all the films shown in Fig. 4.17 have no red-range PL. 
The multiple-peak PL shows some similarity with that of the as-deposited a-SiOx films 
in Fig. 4.16, which suggests that the phase separation is mild after annealing at 1000 
°C. We believe that the multiple-peak PL corresponds to the amorphous-like film (a 
mixture of a-SiOx and a-Si) while the single peak PL is related to the c-Si NCs, which 
agrees with the appearance of the c-Si NCs at the flow ratio R lower than 7.5 in Raman 














Fig. 4.17 Red-range PL from the SiOx films after thermal annealing in high vacuum 
for 60 min at 1000 °C. 
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Figure 4.18 shows the PL from the SiOx films after annealing at 1100 °C. It is 
noticed that the multiple-peak of the PL at 1.9– 1.4 eV has gradually merged to a strong 
single peak PL with greatly enhanced intensity. The PL shows a strong single peak for 
the films deposited at the flow ratio R below 11.5 while a multiple-peak for the films 
above 11.5. As the recrystallization temperature decreases with increasing Si 
concentration for SiOx [12], the films with low Si concentrations tend to be more 
amorphous and their multiple-peak PL corresponds to the amorphous-like structure. 
On the contrast, the films with high Si concentrations tend to be more crystalline and 
their single peak PL is related to the recrystallized c-Si NCs. For the high Si 
concentration films, the PL evolution from multiple-peak to single peak with 
increasing annealing temperature from 1000 to 1100 °C also supports the progressive 














Fig. 4.18 Red-range PL from the SiOx films after thermal annealing in high vacuum 
for 60 min at 1100 °C. 
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Figure 4.19 shows the PL from the SiOx films after annealing at 1200 °C. As 
shown in Fig. 4.19(a), the PL is greatly enhanced compared with that after annealing at 
1000 °C. Furthermore, all the films show PL with a single peak, suggesting a distinct 
phase separation and better crystallization of Si NCs. The fairly symmetrical and broad 
PL can be fitted with a single Gaussian band, which shows good consistency with the 
Gaussian-shaped NC size distribution. With decreasing flow ratio R, the PL is 
continuously redshifted from ~1.7 to 1.4 eV. The PL intensity increases first and 
decreases with decreasing flow ratio R. The maximum PL intensity is obtained at the 
flow ratio R of 14. From TEM measurements, the NC size continually increases with 
decreasing flow ratio R or increasing Si concentration in the films. The decreasing PL 
peak energy with increasing NC size is a direct evidence of the QCE. Furthermore, the 
PL intensity is related to the density of small Si NCs in the films. When the flow ratio 
R decreases from 14, the NC size becomes larger and high-density NCs tend to 
agglomerate together during the NC growth in the annealing. The reduction of small 
NCs causes the decrease in the PL intensity. Although the PL may be influenced by the 
nonradiative recombination from defects and dangling bonds, our PL evolution is 
closely related to the size and density of small Si NCs in the films. 
Figure 4.19(b) shows the full width at half maximum (FWHM) values of the 
PL peaks. It can be found that the FWHM value increases with decreasing flow ratio R 
or increasing Si concentration. From TEM results, wider size distribution of Si NCs is 
obtained with increasing Si concentration. Thus, the strong correlation of the PL 




Chapter 4 Thermal Annealing and Oxidation of Si-Rich Oxide Films Prepared by 
Plasma-Enhanced Chemical Vapor Deposition 
   
 
































Fig. 4.19 Red-range PL from the SiOx films after thermal annealing in high vacuum 
for 60 min at 1200 °C. (a) PL spectra and (b) full width at half maximum (FWHM) 
values of the PL peaks. 
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The PL dependence on the annealing temperature was studied by varying the 
annealing temperature from 400 to 1200 °C. Figure 4.20 shows the PL evolution as a 
function of the annealing temperature. The PL peak wavelength after thermal 
annealing is summarized in Fig. 4.20(a). The PL peak varies from ~600 nm (2.1 eV) to 
900 nm (1.4 eV). The PL peak shows remarkable redshift with increasing Si 
concentration or NC size under a certain annealing temperature. Furthermore, the PL 
peak merges from multiple-peak to single peak and continually redshifts with 
increasing annealing temperature for a certain SiOx film, as higher temperature causes 
more phase separation and growth of larger Si NCs. The PL redshift with increasing Si 
concentration and annealing temperature is in good agreement with the QCE.  
The PL peak intensity after annealing is delineated in Fig. 4.20(b). The PL 
shows enhanced intensity after annealing. The PL intensity increases when the 
temperature increases from 400 to 800 °C and reaches the maximum at 800– 900 °C. 
After annealing at 1000 °C, the PL intensity decreases. Then the PL intensity shows a 
sharp increase of 1– 2 orders when the temperature increases from 1000 to 1200 °C. 
The PL intensity evolution is in good agreement with the phase separation starting at 
400– 700 °C and the NC formation above 900 °C. At the temperature below 900 °C, 
the increase in the PL intensity is related to the phase separation of SiOx and the 
decrease of dangling bonds and defects. At the temperature of 900– 1000 °C, the 
decrease in the PL intensity may be due to a structural change of existing Si clusters 
prior to their growth at higher temperatures [5]. When the temperature increases from 
1000 to 1200 °C, the sharp increase in the PL intensity is due to the formation of c-Si 
NCs. At the temperature of 1200 °C, the decrease in the PL intensity for the films 
deposited at the flow ratio R lower than 9.5 (high Si concentration) is due to the 
agglomeration of Si NCs and reduction of small NCs.  
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The maximum-PL-intensity-corresponded flow ratio R as a function of the 
annealing temperature is summarized in Fig. 4.20(c). It is evident that the maximum 
PL intensity is obtained at higher flow ratio R or lower Si concentration with 
increasing annealing temperature, as the phase separation becomes stronger at higher 
temperature. Thus, the PL intensity evolution further supports that the light emission is 
due to the QCE. 
It is noticed that the red-PL peak energies are much smaller than those 
predicted by theoretical calculation based on NC size from the QCE theory, especially 
the ones for the films with low Si concentration or small NC size. For example, the 
QCE theory predicts bandgaps larger than ~2.5 eV for Si NCs with sizes below 2 nm 
[25]. This discrepancy has been reported by many authors in the literature in the case 
of Si NCs in an oxide matrix. The discrepancy suggests that our data agrees with the 
“mixed”  QCE model. The absorption involves quantum confined states in the Si cores 
while the radiative recombination occurs via carriers trapped at oxygen-related surface 
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Fig. 4.20 Red-range PL dependence on the annealing temperature. (a) The PL peak 
wavelength, (b) the PL peak intensity, and (c) the maximum-PL-intensity-
corresponded flow ratio R as functions of the annealing temperature. 
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In summary, we have observed two PL bands. The UV-range PL is 
independent of Si concentration and annealing temperature, which is a characteristic of 
surface states. The red-range PL shows good agreement between the phase 
separation/NC formation and the PL peak shift/intensity change, which can be 
explained by the QCE. Several authors [17,26,27] also described two PL bands in blue-
green and yellow-red ranges from SiOx. They attributed the blue-green band to the 
carrier recombination at surface states and the yellow-red band to the recombination of 
confined electron-hole pairs in Si NCs, which is consistent to our results. 
 
4.3.7.3 Luminescent pictures 
The PL from the SiOx films deposited at the flow ratio R of 14 after thermal 
annealing in high vacuum at different temperatures was taken by a digital camera. 
Figure 4.21 shows the luminescent pictures of the SiOx films irradiated by the 325 nm 
HeCd laser line. The SiOx films display white-yellow-, orange-, and red-color PL with 
increasing annealing temperature, which agrees with the PL spectra measurements. 
Compared with the Si NC films deposited by PLD (see Fig. 3.4, Page 58, Chapter 3), 
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Fig. 4.21 Luminescent pictures of the SiOx films deposited at the flow ratio R of 14 
after thermal annealing in high vacuum at (a) 600°C, (b) 1100°C, and (c) 1200°C. 
 
4.3.8 Oxidation effects 
Dry oxidation was applied to the as-deposited SiOx films. Figure 4.22 shows 
the red-range PL from the as-deposited SiOx films after oxidation for 60 min at 1200 
°C. A strong red PL is observed. The PL peak positions are blueshifted compared with 
those of the as-deposited SiOx films after thermal annealing at 1200 °C. The PL 
intensities vary slightly from those after annealing at 1200 °C. Thus, luminescent SiOx 
films can also be formed directly by oxidation. During oxidation, phase separation by 
(c) 
(b) 
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annealing and oxidation by oxygen diffusion through the oxide compete with each 
other. Fernandez et al. [28] reported that Si NCs have already been formed after 1 min 
rapid thermal annealing (RTA) and almost imperceptible size growth was observed in 
the subsequent annealing. On the other hand, oxidation for the bulk Si occurs at the 
Si/SiO2 interface which moves into the bulk Si. Oxidation of the bulk Si for 60 min at 
1200 °C will produce a SiO2 layer with a thickness of ~200 nm [29]. Furthermore, 
oxidation of Si NCs is a well known self-limiting process [30,31]. As oxidation is 
much slower than RTA, oxidation of the as-deposited SiOx films can be regarded as a 
two-step process, i.e., a RTA process finished in 1 min, and a dominant long-time 
oxidation subsequently. Thus, oxidation of the as-deposited SiOx films is analogical to 











Fig. 4.22 Red-range PL from the as-deposited SiOx films after dry oxidation for 60 
min at 1200 °C. 
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To further study the oxidation effects, dry oxidation was applied to the high-
temperature annealed SiOx films. As Si NCs have been formed by high-temperature 
annealing, oxidation reduces the NC size and converts the outer layer of NC into SiOx. 
Figure 4.23 shows the red-range PL from the 1200 °C annealed SiOx films after 
oxidation for 60 min at 1200 °C. The PL spectra from the as-annealed SiOx films are 
shown for reference using dash-line curves. After oxidation, the PL is blueshifted. The 
blueshift is more evident at the flow ratio R of 20 and 16.5. With decreasing flow ratio 
R, the blueshift becomes smaller. The blueshift of the PL is attributed to the QCE. As 
the NC size decreases after oxidation, the bandgap of Si NCs increases. The emission 
at shorter wavelengths results in the blueshift of the PL. The reduced blueshift with 
decreasing flow ratio R indicates that the Si NCs with a higher density and bigger size 
experience a slower oxidation. The slower oxidation may be due to the limited oxygen 











Fig. 4.23 Red-range PL from the 1200 °C annealed SiOx films after dry oxidation for 
60 min at 1200 °C. 









2 1.8 1.6 1.4 1.2








60 min 1200°C oxidation 


















Chapter 4 Thermal Annealing and Oxidation of Si-Rich Oxide Films Prepared by 
Plasma-Enhanced Chemical Vapor Deposition 
   
 
- 118 - 
In Fig. 4.23, the PL intensity is enhanced after 60 min oxidation. As Si NCs 
were formed and embedded in the SiOx matrix after annealing, there is an intermediate 
or interfacial layer between the Si NCs and the SiOx matrix. The nonstoichiometric 
SiOx matrix and interfacial layer, which are still a suboxide with high-density defects, 
cause the nonradiative decay of the quantum-confined excitons. The oxidation can 
convert the SiOx matrix and interfacial layer into stoichiometric SiO2, resulting in the 
decrease of the nonradiative decay channels. As a result, the PL intensity increases 
after oxidation. We also studied the UV-range PL after oxidation for 60 min at 1200 
°C. It is found that the UV-range PL at 370– 380 nm has been almost quenched. It 
means that the Si– O structures in the Si suboxide responsible for the PL have been 
destroyed, which further confirms the conversion of the SiOx matrix and interfacial 
layer into stoichiometric SiO2. 
 Continuous dry oxidation at 1000 °C was applied to the 1200 °C annealed SiOx 
film deposited at the flow ratio R of 16.5. Figure 4.24 shows the red-range PL 
evolution after continuous oxidation. The PL peak is blueshifted from ~770 to 750 nm 
with increasing oxidation time, as the average size of Si NCs decreases. The PL 
intensity increases after 6 h oxidation and then decreases for longer oxidation times. 
The decrease in the PL intensity for long oxidation is because the number of Si NCs 
decreases with increasing oxidation time. The oxidation rate for the bulk Si was also 
calculated using the well-known mixed linear-parabolic equation from the Deal and 
Grove model [29]:  
                                                                                 ,                                             (4.3)                                                              
where A and B are constants, dox is the oxide thickness, t is time, and 0t  is a time shift 
to account for the presence of the initial oxide layer di ,   
)( 0
2 t+=×+ tBdAd oxox
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                                                                              ,                                                      (4.4) 
where di is the initial oxide layer thickness. The SiO2 thickness is calculated to be ~390 
nm after 18 h oxidation at 1000 °C for the bulk Si. As the thickness of the as-deposited 
SiOx film is ~540 nm, most part of the film is considered to have been oxidized and 
thus the PL intensity decreases. The blueshift of the PL with increasing oxidation time 
was also observed by Brongersma et al. [32] from Si NCs formed by ion implantation. 
They reported a continuous blueshift of more than 200 nm for the PL peak due to the 
QCE. Our blueshift of ~20 nm is much smaller, which indicates the important role of 












Fig. 4.24 Red-range PL from the 1200 °C annealed SiOx film deposited at the flow 
ratio R of 16.5 after continuous dry oxidation at 1000 °C. 
 
 We also studied the stability of the red-range PL in environment after long time 
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when the samples are exposed to air. Figure 4.25 shows the red-range PL from the 
1200 °C thermally-annealed SiOx film (optimal sample with R = 14) after long time 
storage up to six months. It is clear that the PL shows no decay or change. The good 
stability in environment is distinct from the strong degradation of the PS in the 
environment, which confirms that the SiOx matrix provides a good passivation for the 












Fig. 4.25 Red-range PL from the 1200 °C thermally-annealed SiOx film deposited at 
the flow ratio R of 14 after long time storage in air. 
 
4.4 Conclusions 
The physical and optical properties of SiOx films fabricated by PECVD were 
studied as a result of post-deposition thermal annealing in high vacuum and thermal 
oxidation. The Si concentration in the as-deposited films increases with decreasing 
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N2O/SiH4 flow ratio while the deposition rate and the surface roughness showed the 
correlation with the N2O/SiH4 reaction. The as-deposited films have random-bonding 
or continuous-random-network structures with large amount of suboxide. After high-
temperature (above 1000 °C) thermal annealing, the intermediate suboxide showed a 
transformation to SiO2 and elemental Si. FTIR, Raman, HRTEM, and optical 
absorption confirmed the phase separation and the formation of c-Si NCs in the SiOx 
films. Two PL bands were observed in the as-deposited films after annealing. The UV-
range PL with a peak fixed at 370– 380 nm (~3.3 eV) is independent of Si 
concentration and annealing temperature while the strong red-range PL showed a 
transition from multiple-peak to single peak and redshifts from ~2.1 to 1.4 eV with 
increasing Si concentration and annealing temperature. After post-annealing oxidation, 
the UV-range PL was almost quenched while the red-range PL showed continuous 
blueshifts with increasing oxidation time. The distinct oxidation and annealing 
behaviors related the UV-range PL to the surface-state mechanism and the red-range 
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Chapter 5 A Comparison Study of SiOx 
Nanostructured Films Deposited by Pulsed-Laser 




Surface passivation plays an important role in the luminescence of Si NCs. As 
Si is easily oxidized in oxygen, the as-deposited Si NCs often show stoichiometries of 
SiOx due to the strong reaction of Si with residual oxygen during deposition [1]. 
Furthermore, “fresh”  samples oxidize in air in seconds, changing the recombination 
mechanism and optical properties of the as-deposited Si NCs to oxygen-related ones 
[2]. Thus, oxygen always plays a crucial role in the luminescence of Si NCs. It is 
necessary to study the luminescence from SiOx. On the other hand, SiOx is a robust 
host that provides a good passivation for Si NCs. SiOx embedded with Si NCs shows 
strong and stable PL, robust structure, and compatibility with microelectronic 
technology. Thus, SiOx is considered to be a practical and promising material for Si-
based LEDs. In this chapter, we compare the properties of SiOx nanostructured films 
formed by PLD and PECVD to investigate the luminescence mechanisms and to reveal 
the effect of oxygen passivation on Si NCs. 
 
5.2 Experimental setup 
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SiOx nanostructured films was formed by PLD of Si(100) target in 1 mTorr O2 
gas at different substrate temperatures, as substrate temperature is a key parameter to 
determine the film-substrate interaction and control the film-cluster growth. The 
substrate temperature was varied from room temperature (23 °C) to 800 °C. For 
comparison, PECVD SiOx films with a thickness of ~400 nm were deposited on 
Si(100) or fused quartz substrates at 300 °C with different N2O/SiH4 ratios. The flow 
ratio R = [N2O]/[SiH4] was varied from 20 to 1. 
After deposition, the films were annealed ex-situ in a high vacuum of 10-8 Torr 
for 60 min at a temperature of 800 °C. The films were characterized by HRTEM, XPS, 
Raman, PL, and optical absorption.  
 
5.3 Results and discussion 
5.3.1 Nanoscale features  
The nanoscale features of the as-deposited SiOx nanostructured films formed 
by PLD were observed by HRTEM. Figure 5.1 shows the plan-view HRTEM image of 
the film deposited at 23 °C. The absence of Si lattice planes indicates the amorphous 
nature of the film. As HRTEM is only sensitive to the presence of Si lattice planes, the 
presence of noncrystalline Si NCs cannot be confirmed by TEM characterization. At 
other elevated substrate temperatures up to 800 °C, all the deposited films are found to 
have the similar amorphous-like structure. In PLD process, condensation of vapor 
during the fast expansion of Si plasma plume by laser ablation occurs in strongly 
nonequilibrium conditions. As a consequence of rapid cooling, metastable structure or 
amorphous-like structure is formed. It should be pointed out that the SiOx films 
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Fig. 5.1 Plan-view HRTEM image of the SiOx nanostructured film deposited in 1 
mTorr O2 gas by PLD at room temperature (23 °C). 
 
 
The SiOx nanostructured films formed by PLD were further characterized by 
Raman spectroscopy. The Raman spectrum of the film deposited at 23 °C shows a 
weak c-Si peak at 517 cm-1 and a broad a-Si band at ~480– 500 cm-1. At other elevated 
substrate temperatures up to 800 °C, all the deposited films are found to have the 
similar Raman spectra, which confirms the amorphous nature of the films.  
 
5.3.2 Surface composition 
The surface composition of the SiOx nanostructured films was analyzed by 
XPS. Figure 5.2(a) shows the Si 2p peaks in XPS spectra of the SiOx nanostructured 
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films deposited by PLD at different substrate temperatures. From the Si 2p spectrum of 
the SiOx film deposited at 23 °C, a broad curve with two peaks at ~103.0 and 99.0 eV 
can be observed. Gaussian fitting reveals that the two peaks are composed of a 
superposition of different oxidation-state peaks. With increasing substrate temperature, 
the higher energy peak (higher oxidation state) becomes weaker while the lower energy 
peak (lower oxidation state) becomes stronger with shifts to higher binding energy. 
The increase in the peak ratio of the lower energy peak over the higher energy peak 
reveals that the Si is less oxidized or more oxygen is depleted with increasing substrate 
temperature.  
Figure 5.2(b) shows the atomic concentration of the SiOx nanostructured films 
as a function of the substrate temperature. With increasing substrate temperature, the 
atomic concentration of Si increases from 37 to 44 at. %. The composition changes are 
attributed to the absorption, diffusion and desorption processes at the film/substrate 
interface. The substrate temperature is a key parameter to determine the free energy of 
film-atom clusters and thus the balance between the absorption, diffusion, and 
desorption processes. The surface mobility is higher at higher temperature. On the 
other hand, material desorption becomes easier at higher temperature. As a result, the 
deposited films show a substrate-temperature dependent composition and the Si 
concentration increases with increasing substrate temperature. Feldman et al. [3] found 
non-bridging or superfluous oxygen existing in reactive-evaporated SiOx films. At 
higher temperature, the oxygen desorption is easier. Brodkorb et al. [4] also reported 
an increase in Si concentration with increasing substrate temperature due to the 
desorption of the molecular component of the partially dissociated oxygen. Thus, the 
Si concentration in the films increases with increasing substrate temperature.  
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Fig. 5.2 (a) Si 2p peaks in XPS spectra of the SiOx nanostructured films deposited by 
PLD at different substrate temperatures. (b) The atomic concentration of the SiOx 




For comparison, the Si 2p peaks in XPS spectra of the PECVD SiOx films are 
shown in Fig. 5.3. The Si 2p spectra of the PECVD SiOx films display asymmetrical 
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broad peaks which are continually shifted from 103.2 eV of Si4+ to a lower binding 
energy with decreasing flow ratio R = [N2O]/[SiH4]. The broad and smooth peaks 
indicate random-bonding or continuous-random-network structures in the PECVD 













Fig. 5.3 Si 2p peaks in XPS spectra of the SiOx films deposited by PECVD at different 
flow ratios of R = [N2O]/[SiH4]. 
 
From the XPS spectra, the two apparent peaks for the SiOx films deposited by 
PLD and one broad and smooth peak by PECVD suggest that the films deposited by 
PLD show a nonuniform nanophase compared with those by PECVD. As the laser-
induced plasma plume consists of a large amount of clusters and fragments, the SiOx 
films deposited by PLD show a nonuniform nanostructure. On the contrary, the growth 
in PECVD occurs at atom-molecule level. With enough atom-molecule diffusion, the 
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5.3.3 Optical absorption 
The optical absorption of the SiOx nanostructured films formed by PLD was 
characterized by UV-Visible spectroscopy. As the optical constants of the SiOx films 
approximate to those of the quartz substrate due to the high oxygen concentration in 
the films, the effect of multiple internal reflects of the air/film/substrate/air multilayers 
was neglected. The absorption coefficient α can be obtained through Equation (4.1) 
(see Page 99, Chapter 4). 
Figure 5.4(a) shows the Tauc plot, (αhν )1/2 as a function of hν  for the as-
deposited SiOx nanostructured films. Intersecting points of the horizontal axis 
correspond to the optical bandgap Eopt. With increasing substrate temperature, the Eopt 
is redshifted from 2.9 to 2.1 eV on a continual base. And the absorption coefficient is 
enhanced with a steeper slope. Although substrate annealing took place due to the 
heated substrates during deposition, we can see below that the annealing alone does 
not have such a big impact on the Eopt. The evolution of the absorption spectra is due to 
the increased Si concentration in the films.  
Figure 5.4(b) shows the Tauc plot for the SiOx nanostructured films after 
thermal annealing in high vacuum for 60 min at 800 °C. Compared with those of the 
as-deposited films, the absorption coefficient is increased, the slope becomes steeper, 
and the Eopt is redshifted. Furthermore, the Eopt still shows the substrate-temperature 
dependence. During annealing, SiOx starts to separate into SiO2 phase and Si clusters 
at the temperature of 400– 700 °C. At temperature lower than 800 °C, the SiOx films 
are amorphous but display a certain extent of partial ordering in the amorphous 
structure [5-7]. We also measured the Raman spectra of the SiOx nanostructured films 
after annealing. The thermally-annealed films show Raman spectra similar to those of 
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the as-deposited films, which confirms the amorphous nature of the films. Thus, during 
annealing, mild phase separation and Si-atom agglomeration enhance the interaction 


















Fig. 5.4 Tauc plot, (αhν )1/2 vs. hν  for the SiOx nanostructured films deposited by PLD 
at different substrate temperatures: (a) as-deposited and (b) after post-deposition 
thermal annealing in high vacuum for 60 min at a temperature of 800 °C. 
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Compared with that from the SiOx films deposited by PLD, the optical 
absorption from the SiOx films deposited by PECVD has the similar dependence on Si 
concentration (see Fig. 4.13, Page 102, Chapter 4). 
 
5.3.4 Photoluminescence spectra 
The substrate-temperature dependence of the red-range PL from the SiOx 
nanostructured films formed by PLD was studied. Figure 5.5(a) shows the PL spectra 
of the SiOx nanostructured films deposited at different substrate temperatures. The film 
deposited at 23 °C shows a broad PL band at ~1.9 eV. With increasing substrate 
temperature, the PL is continually redshifted to ~1.6 eV. The corresponding PL 
intensity shows an increase up to 500 °C and then decreases. The redshifted PL is in 
good agreement with the increased Si concentration, as the increased Si clusters and 
their size cause the lower energy PL. Thus, the most possible explanation of the PL 
band is the QCE theory. The PL also shows the consistency with the evolution of the 
Eopt. As to the intensity variation, the PL intensity is determined not only by the 
number and dimension of Si clusters, but also the nonradiative defects and dangling 
bonds. The nonradiative recombination by defects and dangling bonds always 
competes with the radiative recombination which gives rise to luminescence. 
Figure 5.5(b) shows the PL spectra of the SiOx nanostructured films after 
thermal annealing in high vacuum for 60 min at 800 °C. All the films show PL with 
enhanced intensity but no peak shift. As discussed above, the thermally-induced 
bonding modification is not significant at 800 °C and the as-deposited PLD films 
already have some extent of phase separation due to the nonuniform nanophase. The 
PL position is only dependent on the film composition. The enhancement of the PL 
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intensity is due to a better ordering of the amorphous films and the reduction of both 



















Fig. 5.5 Red-range PL from the SiOx nanostructured films deposited by PLD at 
different substrate temperatures: (a) as-deposited and (b) after thermal annealing in 
high vacuum for 60 min at a temperature of 800 °C. 
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The optical bandgap Eopt and PL peak energy EPL of the SiOx nanostructured 
films formed by PLD were summarized in Fig. 5.6. There is a clear correlation 
between the two optical properties. A considerable shift between the EPL and the Eopt 
can also be observed. Such a difference could be explained by the Brodsky’s quantum 
well model [8]. The PL is believed to be the result of the recombination of electron-
hole pairs in the Si well while the optical bandgap is determined by the electronic 










Fig. 5.6 Optical bandgaps and PL peak energies of the SiOx nanostructured films 
formed by PLD as functions of the substrate temperature. 
 
The red-range PL from the PECVD SiOx films was also studied. Figure 5.7 
shows the PL spectra of the SiOx films after thermal annealing in high vacuum for 60 
min at 800 °C. A continuous redshift of the PL band from ~1.9 to 1.6 eV can be 
observed with decreasing flow ratio R (or increasing Si concentration), which is in 
good agreement with the PLD results. Similarly, the decreased PL peak energy with 
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increasing Si concentration suggests that the light emission could be due to the QCE. 
Iacona et al. [10] also reported that the red-range PL from thermal-annealed SiOx films 
continually redshifts with increasing Si concentration and annealing temperature. 
Based on strong correlation between the structural and optical data, they concluded 











Fig. 5.7 Red-range PL from the SiOx films deposited by PECVD at different flow 
ratios of R=[N2O]/[SiH4] after thermal annealing in high vacuum for 60 min at a 
temperature of 800 °C.  
 
5.4 Conclusions  
1. SiOx nanostructured films have been formed by PLD in 1 mTorr O2 gas at different 
substrate temperatures. With increasing substrate temperature, both the red-range 
PL and optical bandgap continually redshift due to the increase in Si concentration 
or the increased Si clusters and their size in the films. After post-deposition thermal 
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annealing in high vacuum at 800 °C, both the PL and optical absorption were 
enhanced due to a better ordering and bonding of Si clusters in the films. The 
optical bandgap also decreases after annealing due to the enhanced interaction 
between the Si– Si bonds.  
2. Si-rich SiOx films formed by PECVD at different N2O/SiH4 flow ratios showed 
similar properties as those deposited by PLD in O2 gas at different substrate 
temperatures. The annealed SiOx films deposited by PECVD showed continuous 
redshift of the red-range PL with decreasing flow ratio R (or increasing Si 
concentration). 
3. The good agreement of the PL peak energy with Si concentration from both the 
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Chapter 6 Conclusions and Future Works 
 
6.1 Conclusions 
In this work, luminescent Si NC films have been prepared by PLD and PECVD. 
The correlation between the optical properties and the structure/size- 
distribution/surface of the Si NCs was investigated to understand the light emission 
mechanisms. The important findings and conclusions obtained are summarized as the 
following: 
1) In PLD, the increase in ambient gas pressure has a great influence on the 
morphology of the Si NCs and caused a transition from a film structure to a porous 
cauliflower-like structure, while the surface morphology is insensitive to the 
variation of the substrate temperature.  
2) PL peaked at 1.8– 2.1 and 2.55 eV was found from the Si NCs deposited by PLD. 
The peak shifts with different ambient gas pressures and blueshifts after post-
deposition oxidation and annealing supported that the red-range PL band at 1.8– 2.1 
eV is due to the QCE in Si NC cores. No peak shift related the blue-range PL band 
at 2.55 eV to the localized surface states at SiOx/Si interface. 
3) SiOx films formed by PLD in O2 gas showed increased Si concentration (or 
increased Si clusters in the films) with increasing substrate temperature. The 
corresponding redshift of the red-range PL from ~1.9 to 1.6 eV further supported 
that the red-range PL is due to the QCE.  
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4) Better crystallinity of Si NC films can be obtained by laser annealing. However, 
ripple structures can be formed due to the surface-scattered-waves induced by 
nonuniformity of the films. The pulse number in multiple-pulse annealing should 
also be optimized before damage or laser ablation takes place. 
5) SiOx films formed by PECVD at different N2O/SiH4 flow ratios showed similar 
properties as those deposited by PLD in O2 gas at different substrate temperatures. 
In PECVD, the Si concentration in the as-deposited SiOx films increases with 
decreasing N2O/SiH4 flow ratio. The as-deposited films have random-bonding or 
continuous-random-network structures with large amount of suboxide. After post-
deposition high-temperature (above 1000 °C) thermal annealing in high vacuum, 
the intermediate suboxide showed a transformation to SiO2 and elemental Si, and Si 
NCs were formed in the films. The Si NC size was found to increase with 
increasing Si concentration and annealing temperature.  
6) Two PL bands were observed in the thermally-annealed SiOx films deposited by 
PECVD. The UV-range PL with peak fixed at 370– 380 nm (~3.3 eV) is 
independent of Si concentration and annealing temperature. The strong red-range 
PL showed redshift from ~2.1 to 1.4 eV with increasing Si concentration and 
annealing temperature, i.e., increasing NC size. After post-annealing oxidation, the 
UV-range PL was almost quenched due to the destruction of surface states while 
the red-range PL showed continuous blueshifts with increasing oxidation time due 
to the decrease in the Si NC size. The distinct annealing and oxidation behaviors 
related the UV-range PL to the surface-state mechanism and the red-range PL to 
the recombination of quantum-confined excitions or QCE. 
Chapter 6 Conclusions and Future Works 
- 143 - 
7) The red-range PL at ~1.4– 2.1 eV from the SiOx films deposited by PECVD 
showed a multiple-peak at low temperature and gradually merged to single peak 
with increasing thermal annealing temperature, which was closely related to the c-
Si NC formation. The good agreement of the PL peak energy with the Si 
concentration and Si NC size from both the PLD and PECVD results supported 
that the origin of the red-range PL at 1.4– 2.1 eV is due to the QCE. 
 
6.2 Future works 
There are a few aspects would be worth for further investigation: 
1) PL quantum efficiency characterization 
In this work, the PL intensity was not quantitatively characterized. Since it is 
difficult to define the quantum efficiency of the PL in solid-state samples, a standard 
characterization method is absent. In literature, there have been hundreds of reports of 
“strong”  or “intense”  visible PL without quantification of the PL. It is hard to compare 
the PL from different Si-based materials. Therefore, it is worthwhile to find some 
standard methods to compare the PL from our deposited Si NC films with that from Si-
based materials in other people’s work.  
2) EL device 
Although we have systematically studied the optical properties in correlation 
with the film structure and NC size distribution, the electroluminescence (EL) 
properties were not discussed in this work. The EL can provide more information 
about the light emission mechanisms for Si NCs. The EL properties are also necessary 
for the realization of LEDs based on Si NCs. 
3) Doping of Si NCs 
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During the high-temperature thermal processes, it was noticed that the 
crystallization temperature of Si NCs is higher than 1000 °C. High annealing 
temperature is unfavorable from the technical point of view for the fabrication and 
integration of high-performance devices due to the high thermal budget and fast dopant 
diffusion. It is necessary to reduce the crystallization temperature of Si NCs. The 
introduction of dopants (for example, Ge or hafnium) may be a good way to minimize 
the crystallization temperature. The influence of dopants on the optical properties of Si 
NCs can also give us a better understanding of the light emission mechanisms.  
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Appendix A Thermal and Optical Properties of Si and 
Quartz Used in The Melting Simulation 
 
Parameter Material Value and references 
c-Si  2.33  
a-Si  2.33  




quartz 2.2    
c-Si 1683                                                                                 [1] Melting 
temperature 
(K) 
a-Si  1420                                                                                 [2] 
c-Si 4206                                                                                 [3] Melting latent 
heat (J/cm3) a-Si  3076                                                                                 [2] 
c-Si  1521/T 1.226 ,  300 K≤ T ≤ 1200 K 
8.96/T0.502    ,  1200 K < T < 1683 K                                [4] 
a-Si  4.828´10-11(T-900)3+4.828´10-9(T-900)2+3.714´10-6(T-
900)+3.714´10-2                                                                                             [5] 





quartz 0.00413+4.66384´10-5T-6.3638´10-8T 2 +4.15455´10-11T 3,  
300 K≤ T ≤ 1200 K 
-6.46718+0.0152´T-1.1881´10-5T 2+3.11111´10-9T 3,     
1200 K < T < 1500 K                                                      [6] 
c-Si 1.978+3.54 ×10-4T+3.68 ×104T                                       [3] 
a-Si (Crystal Heat Capacity) -0.01857+0.3984 (T/1685)        [7]  




 quartz 1.556+6.575 ×10-4T                                                         [1] 
c-Si 1.43×106                                                                                                                [8] 
a-Si 1.43×106                                                                                                          [3], [5] 
Absorption 
coefficient 
(1/cm) l-Si 1.56×106                                                                           [1] 
c-Si 0.646                                                                                 [9] 
a-Si 0.54                                                                                   [8] 
Reflectivity 
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Appendix B Optical Absorption 
 
In Chapter 3, the optical absorption of Si NC films deposited on quartz 
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Figure B.1 illustrates the internal reflects of the air/film/quartz/air multilayers. 
Accounting for the internal reflects, the transmittance measured in our system is   
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